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Fouling control is one major concern in full-scale reverse osmosis 
systems in water reclamation and desalination processes.  Currently, pilot-scale 
tests have to be conducted in the design process of full-scale RO plants.  The 
intention is to obtain the necessary operational parameters such that the plant can 
be operated at the desired performance level for the required period of time.  
Although they can provide accurate information on the conditions under testing, 
they are proven to be time-consuming, expensive, and unable to cover a wide 
spectrum of operating conditions.   
In this study, a model was developed for realistic simulation of fouling 
development in a full-scale RO process.  This allowed the users to predict the 
system performance over a period of time based on the operational parameters 
and fouling characteristics of feed water.  Thus, it provides a quick and more 
cost-effective alternative to pilot-scale testing.  This predictive model was based 
on the fundamental principle that the rate of fouling is dependent on two factors: 
permeate flux and fouling potential of feed water.  This model also considered 
the local variation of flow properties along the long channel, thus allowing a 
more realistic and accurate simulation of fouling development in the membrane 
element.  The effects of feed water fouling potential and operational parameters 
on fouling development and system performance were systematically 
investigated.  A significant finding was that the experimental observations of an 
initial period of constant average permeate flux before a decline was 
Summary 
 viii
demonstrated, through simulations, to occur in full-scale RO processes even 
though membrane fouling started from the beginning of the filtration. 
Characterization of feed water fouling potential is an important step for 
predicting fouling development in full-scale RO process.  The currently used 
fouling indices are neither completely reflective of the water fouling potential 
contributed from all possible foulants nor in the right form to be used in the 
model.  In this study, a new normalization method was developed that can be 
employed as a new index for water fouling potential characterization, which was 
defined as the resistance increase due to a unit volume of permeate passing 
through a unit membrane surface area.  The new fouling index could fully 
characterize the fouling potentials of RO feed waters because the RO membrane 
it employed was able to trap all the foulants in the feed water.  This new 
characterization method was first tested on synthetic colloidal feed waters with an 
UF membrane and then on synthetic feed water with NOM as foulant with an RO 
membrane.  The preliminary results were very promising.   
The significance of this study is that fouling development in full-scale RO 
processes can be adequately predicted when the new index is incorporated into 
the predictive model.  That means that this model is a very powerful tool for 
system design of full-scale RO processes and substantial savings in time and 
resources can be made.   
 
Keywords: Fouling, Fouling index, Fouling potential, Full-scale RO system, 





A  permeability constant 
c0   feed salt concentration  
c0c   colloidal concentration in bulk flow 
cf  concentration of foulants  
cf0   bulk foulant concentration  
cgc   colloidal concentration in fouling layer 
c(x,t)   feed salt concentration at location x and time t  
∆c(x,t)  difference between feed salt concentration and permeate salt 
concentration at location x and time t 
D   diffusion coefficient of foulants  
fN  normalization factor 
H   height of membrane channel  
j  rate of foulants accumulation  
Kspacer  coefficient to account for transmembrane pressure drop due to 
existence of spacers in membrane channel 
k   fouling potential of feed water  
L  length of RO system  
M  total amount of foulants accumulated on membrane surface 
∆P  net driving pressure 
∆p  applied pressure 
∆p0   initial transmembrane pressure 
Nomenclature 
 x
∆p(x,t)  transmembrane pressure at location x and time t  
R0   initial (or clean) compacted membrane resistance  
RG  ideal gas constant 
R(t)  total membrane resistance at time t 
R(x,t)   membrane resistance at location x and time t  
∆R  increment in membrane resistance due to fouling  
r   salt rejection of membrane 
rc   specific resistance of cake layer 
rs   specific resistance of fouling layer  
S   surface area of tubular membrane used in UF experiment 
T  temperature 
t  time after start of filtration 
∆t  time interval 
u0   feed flow velocity  
u(x,t)   cross flow velocity at location x and time t  
Vt  total volume of permeate produced per unit membrane area over 
time period t 
v  permeate velocity  
v0  initial permeate flux 
vi   permeate flux at time ti 
v(t)  permeate flux at time t 
v(x,t)  permeate flux at location x and time t  
∆v  drop in the permeate flux from the original flux over time t 
W  width of membrane  
Nomenclature 
 xi
∆W   increment in permeate weight during the time interval ∆t 
x  location along membrane channel  
y   distance from membrane surface    
 
Greek Symbols 
α   osmotic coefficient  
η   water viscosity  
ξ   dummy integration variable 
∆π  osmotic pressure 
∆π(x,t)  osmotic pressure at location x and time t  
ρ   density of the permeate 
τ   dummy integration variable 
 
Subscripts 
1  system 1 
2  system 2 
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Chapter 1. Introduction 
 
1.1 Background and Motivation 
The world is facing a shortage in drinking water.  In the recent Third 
World Water Conference hosted in Japan in March 2003, the United Nations and 
other environmentalists reported that some 20 % of the world’s population has no 
access to fresh water currently.  They predict that nearly half the global 
population will experience critical water shortages by 2025. 
Singapore, having only a total land area of 660 km2, also faces limited 
water supply.  Approximately 50 % of the water supply is from the water 
catchments areas while the other 50 % is purchased as raw water from Johor, 
Malaysia.  Currently, Singapore is turning to non-traditional water sources such 
as reclaimed water and desalination of seawater to be more self-reliant on the 
water supply.  Membrane processes, such as the microfiltration, ultrafiltration, 
nanofiltration and reverse osmosis, are being employed to achieve this objective. 
Reverse osmosis (RO) is recently becoming more popular for water 
reclamation and pollution control [1].  It is foreseeable that the popularity of RO 
process will further increase around the world due to its attractiveness in terms of 
high product water quality, small footprint requirement, and decreasing 
membrane cost.  However, membrane fouling, as a key challenge and obstacle in 
RO process, or rather in all membrane processes, has hindered and will continue 
to hinder RO applications [2-7].  Membrane fouling refers to the phenomenon 
where “foulants” accumulation on and/or within the RO membrane that in turn 
leads to performance deterioration such as lowered permeate flux and salt 
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rejection [3, 4].  Membrane fouling can severely deteriorate the performance of 
RO process and it is a major concern or worry for more widespread applications 
of RO process.  To accurately quantify and effectively control the adverse impact 
of membrane fouling, it is most desirable to be able to predict the development of 
membrane fouling with time, particularly in full-scale RO processes [8-10].   
At present, pilot-scale testing is conducted to test the viability of the 
designed full-scale system on the particular feed water to be treated.  Pilot-scale 
testing is able to produce accurate information for full-scale plant design as they 
are operated under similar conditions to the actual designed full-scale system.  
However, pilot-scale testing requires much resources and long time duration.  
Therefore, it is impractical and impossible to conduct many pilot-scale tests 
under a wide spectrum of possible operating conditions and pretreatment options.  
Thus, if there is an accurate theoretical model which can simulate the RO process 
under different operational parameters, the need for the pilot-scale tests can be 
significantly reduced and much time and resources can be saved in order to 
design the full-scale RO treatment plant.   
Characterization of feed water fouling potential is critical in fouling 
simulation.  Fouling potential of the feed water is dependent on the physical and 
chemical properties of the foulant it contains and the water itself as well.  It is the 
intrinsic property of the feed water.  When fouling potential of the feed water is 
sufficiently characterized, appropriate pretreatment can be done on the feed water 
to reduce the fouling potential to an allowable level in order to reduce the fouling 
rate in the RO system and to optimize the system performance.  Also, accurate 
characterization and appropriate quantification of the fouling potential of the feed 
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water is necessary in order to predict the performance of the designed treatment 
plant treating the feed water under various operational parameters. 
Currently, there are two general methods of determining the fouling 
potential of the feed water.  The first method is to employ normalization methods 
to analyze the permeate flux decline behaviour of fouling experiments conducted 
on different feed waters.  The normalized profile that gives a more drastic decline 
will indicate that the feed water has a higher fouling potential.  However, this 
may not be necessarily true.  Most of the time, normalization is done by intuition 
and with no theoretical basis, and it is shown in Chapter 3 that some of the 
common normalization methods currently employed do not serve their purposes.   
The second method to characterize the fouling potential of feed water is to 
employ the current fouling indices available, such as the Silt Density Index (SDI) 
and the Modified Fouling Index (MFI).  However, they are determined by 
filtering feed water through a 0.45 µm membrane and any foulant smaller than 
0.45 µm will not be trapped on the membrane.  These are the foulants that will 
contribute the most to the fouling problem in RO membranes.  Thus, the current 
fouling indices are not able to characterize the fouling potential of feed water for 
RO systems adequately and accurately.  Moreover, they are not suitable to be 
used for the fouling development modelling. 
Once a theoretical model is developed to simulate the fouling process in 
the full-scale RO system and a new fouling index is developed to adequately 
quantify the fouling potential of feed water, it is then possible to predict and 
describe the plant performance under various operational parameters, and much 
resources and time spent on operating pilot-scale testing can be saved.  
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1.2 Scope of Work 
Generally, there are two main objectives in this research. The first 
objective is to develop a model to simulate the fouling process in the full-scale 
RO system, investigate the effects of fouling on the flow parameters and to study 
the system performance under various operational parameters.  The second 
objective is to develop a new normalization method to be used as an effective 
fouling index for fouling potential characterization of feed water, which is readily 
usable in the model, and to verify this theoretical development through laboratory 
experiments. 
In details, the aim of the current study is to: 
1. Develop a model to simulate and predict the fouling development in the 
full-scale RO spiral-wound membrane process; 
2. Review the current normalization methods employed to analyze the 
permeate flux decline trend.  Propose a new normalization method based 
on basic membrane transfer principles. 
3. Based on the new normalization method, develop theoretically a new 
fouling index, which is incorporated in the model, to characterize the 
fouling potential of feed water, especially for RO processes, to replace the 
existing indices like SDI and MFI; 
4. Conduct ultrafiltration fouling experiments on colloidal feed waters to 
verify the theoretical development of the new normalization method and 
to study the dependence of the method on various operational parameters 
as well as feed water property. 
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5. Develop a protocol to determine the fouling index for RO feed waters. 
Conduct RO fouling experiments to test the fouling index on organic feed 
waters. 
 
1.3 Contents of the Present Report 
Chapter 2 provides the literature review conducted for this study.  Chapter 
3 presents the theoretical development of the model and the simulation results.  
Chapter 4 reviews the current common normalization methods employed to 
compare the fouling potentials of different feed water.  This chapter also presents 
the theoretical development of the proposed normalization method as a fouling 
index.  Chapter 5 describes the ultrafiltration fouling experiments conducted on 
colloidal feed water and the results obtained.  Chapter 6 describes the protocol to 
obtain the fouling index of feed water for RO processes and presents the results 
obtained from the RO fouling experiments conducted on organic feed water.  
Chapter 7 concludes the report. 
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Chapter 2. Literature Review 
 
2.1 Pressure-Driven Membrane Processes 
2.1.1 Introduction 
Pressure-driven membrane processes can be used to concentrate or purify 
a dilute (aqueous or non-aqueous) solution [11].  Pressure is applied to drive the 
solvent through the membrane, while other molecules and particles are rejected to 
various extents depending on the pore size distribution of the membrane.  The 
permeate flux is directly proportional to the applied pressure, as described by 
Darcy’s Law, 
PAv ∆=            (2.1) 
where v is the permeate flux, ∆P is the net pressure and A is the permeability 
constant which contains structural factors like the membrane porosity and pore 
size distribution. 
Various pressure-driven membrane processes, such as microfiltration, 
ultrafiltration, nanofiltration and reverse osmosis, can be related to the particle 
size of the solute and thus, to the membrane structure.  Figure 2.1 presents the 
separation range of the various processes.  It can be seen that microfiltration has 
the biggest pores while nanofiltration has the smallest pores.  It is noted that 
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An osmotic pressure ∆π occurs when two solutions of different particulate 
or solute concentration are separated by a semi-permeable membrane which only 
allows the solvent to pass through but not the particles or solute [11].  The 
osmotic pressure can be calculated from van’t Hoff equation 
TcRGαπ =∆          (2.2) 
where α is the osmotic coefficient, c is the electrolyte concentration, RG is the 
ideal gas constant and T is the absolute temperature of the solution.  This process 
is illustrated in Figure 2.2, which shows a membrane separating two liquid 
phases, a concentrated phase 1 and a dilute phase 2. 
 
Figure 2.1. Application range of various pressure-driven membrane processes [11].





2.1.3 Reverse osmosis 
The process of reverse osmosis is not the same as the other pressure-
driven membrane processes which involve filtration, which is the removal of 
particulates by size exclusion [12].  Pores have never been found in the RO 
membrane.  It is suggested that water and molecular solvents diffuse through the 
membrane polymer by bonding between the segments of the polymer’s chemical 
structure.  Dissolved salts and larger molecules will not permeate the membrane 
as readily because of their size and charge characteristics.  Thus, reverse osmosis 
applications are usually to retain salts and low-molecular weight solutes. 
Figure 2.3 describes the reverse osmosis process.  When the applied 
pressure on the concentrated phase, ∆P, is bigger than the osmotic pressure ∆π, 
solvent is driven from the concentrated phase to the diluted phase.  
Membrane 
Phase 2 Phase 1 Phase 2 Phase 1 
Solvent
∆π 
Figure 2.2. Schematic illustration of osmosis. 





The transport of solvent through the membrane is universally described 
by the following equation 
R
Pv π∆−∆=          (2.3) 
where v is the permeate flux, ∆P is the applied pressure, ∆π is the osmotic 
pressure and R is the membrane resistance.   
 
2.2 Fouling 
2.2.1 Colloidal fouling 
 Colloidal fouling or particulate fouling is the deposition of particulates, 
under the drag force of the permeate flux, onto the membrane surface, forming a 
cake layer.  As the particles accumulate on the membrane surface, they build up 








Figure 2.3. Schematic illustration of reverse osmosis process. 
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2.2.2 Organic fouling 
Organic fouling refers to the deposition and adsorption of organic matter 
onto the membrane surface, forming a cake layer.  In this study, humic acid, 
which is an organic foulant, will be employed in the feed water for the RO 
fouling experiments presented in Chapter 6.  Interestingly, chemical properties of 
the feed water will also significantly affect the degree of organic fouling. Thus, 
more detailed literature review has been done for organic fouling. 
Organic fouling is one of the most prevalent problems in ground water 
and surface water membrane treatment plants [13-17] as well as desalination 
plants [18].  Organic compounds, such as the Natural Organic Matter (NOM), are 
identified as the cause to problems such as coloration in the untreated water and 
also the formation of carcinogenic disinfectant byproducts (DBP) with chlorine 
[15, 18-21].  Also, NOM forms complexes in the presence of heavy metals and 
pesticides [20, 21].  In order to meet the current higher standards of portable 
water quality, nanofiltration and reverse osmosis processes are employed to 
effectively remove the dissolved organic content from the water to be purified 
[13, 15, 22, 23].   
NOM is a complex heterogeneous mixture of different organic 
macromolecules from the degradation and decomposition of living organisms 
[21, 24].  NOM comprises of mainly humic substances [17, 24], and these humic 
substances are known to cause significant fouling in membrane treatment plants 
[16], leading to a decline in the permeate production or an increase in the applied 
pressure to maintain the production rate.  The humic substances can be 
categorized into the humic acids, fulvic acids and humin, according to their 
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solubility in acidic solutions, where the humic acids are soluble only at pH of 2 
and higher.  The humic acid itself comprises of the aromatic and aliphatic 
components and the three main functional groups of carboxylic acids, phenolic 
alcohols and methoxy carbonyls [17].  From previous findings, there are different 
ranges of molecular weight for various types of humic acid reported, ranging 
from 4000 Da to over 50 000 Da [13, 24, 25].  Hong and Elimelech reported that 
since the majority of functional groups are carboxylic acids, humic acid 
macromolecules are negatively charged within the pH range of natural waters 
[13].   
Organic substances, such as humic acid, have a more significant fouling 
effect on membrane processes than the inorganic colloidal foulants [26].  It has 
been reported that humic acid macromolecules tend to adsorb readily onto the 
membrane surface, causing it to be dominated by the negative charge due to the 
functional groups of the humic acid [27].  This adsorption occurs very quickly 
because humic substances have a very high affinity for both hydrophilic and 
hydrophobic surfaces.  Water chemistry is pivotal in influencing the extend of 
fouling caused by the humic acid.  A high ionic strength and low pH leads to a 
greater degree of fouling as it causes the negative charge of both the membrane 
surface and humic macromolecules to be reduced, leading to a more conducive 
environment for deposition.  Also, it reduces the interchain electrostatic 
repulsion, leading the humic macromolecules to be coiled up and thus, resulting 
in a tighter packing of the foulant layer [13, 28].  Divalent ions, such as calcium 
and magnesium ions, have the effect of reducing the charge of both the 
membrane and humic acid, and more significantly, they bind the functional 
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groups of the humic acid, reducing the interchain repulsion and causing it to coil 
[13].  Thus, the presence of divalent ions extensively increases the degree of 
fouling.   
 
2.2.3 Inorganic fouling (or scaling) 
 Dissolved inorganics which will cause fouling are Ca2+, Mg2+, CO32-, 
SO42- and silica [8].  As water recovery in the membrane system, especially RO 
system, increases, concentrations of these constituents in the concentrate stream 
increase.  If the solubility limits are exceeded, precipitation of CaCO3, CaSO4 and 
MgCO3 occur on the membrane surface, forming a scale layer which impedes 
permeation of water.  This is known as inorganic fouling, or scaling. 
 
2.2.4 Biological fouling 
Biological fouling, or biofouling, refers to the accumulation and growth 
of microorganisms on the membrane surface to a level that is causing operational 
problem.  It can affect membrane operation in two ways: through direct attack 
resulting in membrane decomposition and through formation of a permeate flux 
inhibiting later, either on the membrane surface or inside the membrane pores [8]. 
 
2.3 Modelling of Membrane Fouling in Full-Scale System 
Membrane fouling is the biggest obstacle in RO membrane processes that 
can have severe detrimental effects on the processes, such as decrease in 
permeate flux or increase in applied pressure, the need for cleaning of membrane, 
and shortening of membrane life [29, 30].  Over the past two decades, extensive 
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experimental and theoretical investigations have been conducted to study the 
occurrence of fouling in various membrane processes [29, 31-40] and this topic 
remains to be one of the key interests in the current research on membrane 
technology.   
Many models have been proposed in the last two to three decades for 
predicting fouling development in RO process [3, 41-44].  Among various 
empirical relationships and mechanistic principles proposed, the resistance-in-
series model is by far the most popular theory to describe fouling development 
[3, 42, 43, 45, 46].  The resistance-in-series theory states that the total resistance 
of a membrane consists of two parts, namely the resistance of the clean 
membrane and the resistance of the fouling layer.  While the membrane 
resistance is a constant, the fouling layer resistance increases with time.  A key 
difficulty in model construction or development is to relate the increase in fouling 
layer resistance to feed water quality and operating conditions.  Literature review 
revealed that existing models could only predict the fouling behaviour induced by 
feed water containing relatively simple foulants, such as mono-disperses, 
colloids, calcium sulphate or calcium phosphate [3, 8, 43].  The resistance 
increment due to these simple foulants could be related to solubility limit or other 
simple principles, such as Carman-Kozeny equation. 
Although these existing models could be used to correlate certain 
experimental observations, there is no general predictive model available for 
studying the fouling development of full-scale RO process [3, 8, 10, 47].  The 
major obstacles in developing such a predictive model for membrane fouling are: 
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(1) to realistically quantify fouling property of feed water, and (2) to accurately 
describe the performance of full-scale RO process. 
The rate of fouling is affected by both operational parameters of the 
membrane system, such as the membrane resistance and the applied pressure, and 
the property of the feed water, usually indicated by fouling tendency or potential.  
The difficulty in determining fouling rate from fundamental principles is 
primarily attributed to the complexity of feed water composition which 
determines the water fouling potential, and to the varieties of fouling mechanisms 
such as inorganic scaling, organic adsorption, biofilm formation, and colloidal 
deposition [1, 3, 4, 43].  It is reasonable to expect that each RO process is 
subjected to a unique combination of feed water composition, membrane type, 
pretreatment scheme, and hydrodynamic flow conditions [3, 43].  Feed water is 
usually characterized with common water analysis parameters such as the 
concentration of each foulant present in the water.  It is very difficult to relate 
these parameters to fouling development taking place in a RO process unless the 
water contains only simple foulants.  For example, Carman-Kozeny equation can 
be only used to determine the increase in membrane resistance resulting from the 
deposition of mono-dispersion of spherical colloids on the membrane surface [38, 
39].   
It has been noted from the literature that most of the membrane fouling 
models are developed for homogenous membrane systems, in which the flow 
properties and rate of fouling are assumed to be uniform throughout the 
membrane surface.  The assumption of homogenous system renders the existing 
models unrealistic for full-scale RO process that has a long membrane channel.  
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The system variables and parameters can change substantially along the long 
membrane channel in a full-scale RO process.  Recently, Song et al [48] studied 
the variations of variables and parameters in a long membrane channel and 
investigated their effects on overall performance of full-scale RO process.  The 
method developed in their study provides a more realistic description of full-scale 
membrane process.  It is anticipated that membrane fouling in a full-scale RO 
process can be more accurately simulated if the varying local fouling properties 
are incorporated into the model for membrane fouling.  
 
2.4 Common Fouling Indices 
Characterization and quantification of the fouling potential of the feed 
water is critical in order to predict and determine the full-scale RO system 
performance in treating the feed water.  Fouling indices are widely used by 
researchers and plant operators and designers to obtain a vague idea of the 
fouling tendency of the feed water.   
Currently, the Silt Density Index (SDI) is the most popular index used as 
a very rough “indication of the quantity of particulate matter in water” [49].  The 
water to be tested is pumped through a 0.45 µm membrane under an applied 
pressure of 207 kPa (30 psi).  The time required to collect 500 mL of the sample 
at the start of the filtration and the time required to collect another 500 mL of the 
sample after the test time of usually 15 minutes are taken.  These time values will 
give a single SDI value by using the standard SDI formula. 
In spite of the SDI’s popularity, many researchers have found that there 
are several disadvantages with SDI, especially when it is used to characterize the 
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water to be treated by RO processes.  One disadvantage is that the pore size of the 
membrane used for SDI is too big.  For RO systems, the RO membranes 
employed are either known to have no pore or extremely small pore size, which is 
currently still debatable.  Thus, the 0.45 µm membrane is unable to trap the 
smaller-sized matters in the water that is likely to foul the RO membrane.  
Moreover, it is known that the foulant smaller than 0.45 µm contributes 
significantly to the fouling of RO membranes.  Hence, the SDI will underestimate 
the fouling tendency of the water and produce an inaccurate water 
characterization for RO systems. 
Another disadvantage is that there is no linear relationship between the 
empirical SDI and the concentration of colloidal and suspended matter.  S.S. 
Kremen in his study [50] has found that for each unit increase in the SDI, the 
amount of foulant increases geometrically.  In other words, the amount of foulant 
approximately doubles for each increase in SDI between 1 and 5.  From 5 to 6, 
the amount of foulant approximately triples.  This discovery has not been verified 
by other researchers, but it still shows that the SDI does not give a good 
indication of the fouling potential of feed water due to its non-linearity as well as 
inaccuracy.  Also, the SDI is not developed based on any theoretical basis.  
Therefore, it can be said that there is no meaning in the SDI at all.   
Even though the original Modified Fouling Index (MFI) derived by J.C. 
Schippers [51], which is the next most commonly used water characterizing 
index, is said to have a linear relationship with the concentration at the 
uncompressed cake filtration phase, the MFI setup employs the same equipment 
as the SDI setup.  Thus, using the 0.45 µm membrane, the same problem persists 
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as it is unable to trap the smaller colloids that are more likely to foul the RO 
membrane in the treatment plants.   
 In order to solve the problem of the oversized pore size, the MFI-UF was 
developed where the UF membrane was employed instead of the 0.45 µm 
membrane [52-54].  The intention was to trap the smaller particles.  However, 
once again, the UF membrane will not be able to trap the matter smaller than the 
pores of the UF membrane which will foul the RO membrane.   
 
2.5 Current Normalization Methods 
Another popular and common approach to compare the fouling tendencies 
of different feed waters is to conduct a series of fouling experiments with the feed 
waters and compare the corresponding degrees of permeate flux decline over a 
same period of operational time.  Ideally, these experiments should be conducted 
under the same operating conditions, such as same net driving pressure and clean 
membrane resistance.  This is because operating conditions are critical factors 
that will affect the rate of fouling and they have to be kept the same for all the 
feed waters in order to make a fair comparison.  From the results obtained, either 
the feed water causing the greatest flux decline over a fixed time period or the 
one with the fastest flux drop will indicate the greatest fouling potential. 
However, due to practical constraints, experiments are usually conducted under 
different operating conditions.  As a result, a direct comparison of the flux 
declining data obtained from such experiments will not make any sense.  In this 
case, normalization on the experimental data is usually attempted to remove the 
effects of different operating conditions.  The intention of normalization is to 
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bring the experimental data obtained under different operating conditions to an 
equivalent basis to facilitate a fair comparison of the fouling potentials of the feed 
waters.  
The common normalization methods generally involve division of the 
time-dependent permeate fluxes by the initial permeate flux, the pure water flux, 
or the net driving pressure [17, 37, 40, 55-60].  The normalized data are typically 
presented as a group of curves with a common starting point and the curve with 
the steepest slope or greatest drop indicates the greatest fouling potential.  
Although such normalization methods may provide some useful information on 
feed water fouling potential in some particular cases, it should be pointed out that 
these methods lack of solid theoretical basis.  It has never been rigorously proven 
that the effects of different operating conditions could be removed with these 
normalization methods.  If the normalization methods fail to serve their intended 
purpose, the results will be potentially erroneous and misleading.  
 
2.6 Summary 
In this chapter, literature review on the various pressure-driven membrane 
processes, fouling, modelling of the full-scale RO process, common fouling 
indices and current normalization methods is presented.  It is seen that membrane 
fouling poses a tremendous problem in the full-scale RO process.  Literature 
review shows that the current models available are unable to simulate the 
performance of the full-scale process accurately and that current normalization 
methods and fouling indices are inadequate to characterize the fouling potential 
of the feed water for RO system.  Thus, there is a need for a more accurate and 
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rigorous model to simulate the full-scale RO performance and a fouling index 
which can characterize and quantify the RO feed water fouling potential.  With 
these available, it will be possible to simulate the performance of a full-scale RO 
system and this will be extremely useful in full-scale system design. 
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Chapter 3. Modelling of Membrane Fouling 
in Full-Scale RO System 
 
3.1 Introduction 
A predictive model has been developed for simulating the development of 
membrane fouling with time in full-scale RO process.  The increase in resistance 
is used as an indicator of membrane fouling and it enables one to better describe 
membrane fouling taking place in a long membrane channel.  In this model, a 
feed water fouling potential is defined as the increment in membrane resistance 
due to a unit volume of permeate passing through the membrane, which is 
directly measurable with a simple filtration experiment.  By employing the 
concept of fouling potential, fouling property of a feed water can be directly 
related to fouling rate on a RO membrane.  The local variations in flow properties 
and parameters are explicitly taken into consideration in the model to provide a 
more realistic description of a full-scale RO process.  The results of the 
simulation studies demonstrates that a full-scale RO system can maintain a 
constant average permeate flux for a period of time even though fouling 
development has occurred right from the start of operation.  The effects of water 
fouling potential, channel length, and membrane resistance on fouling 
development in full-scale RO processes are investigated.  
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3.2 Model Development 
A predictive model for membrane fouling taking place in a full-scale RO 
process is developed.  The variables used in the model are defined in the 
schematic diagram of a membrane channel shown in Figure 3.1.  The spacers in 





The increase in membrane resistance is a natural indicator of membrane 
fouling because it is the immediate and definite consequence of the deposition 
and accumulation of foulant on the membrane surface.  An increase in membrane 
resistance at any point along a membrane channel signifies that membrane 
fouling has occurred in the RO process, regardless if there is any change in the 








Figure 3.1. Schematic description of a RO membrane channel. 
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changes in flow parameters such as permeate flux, crossflow velocity and salt 
concentration.  The advantage of using membrane resistance, rather than the 
average permeate flux, to indicate membrane fouling will become apparent in the 
later discussions. 
 
3.2.1 Fouling potential of feed water 
At any point x along a long membrane channel, the deposition or 
accumulation rate of foulants on the membrane surface can be calculated by: 
dy
dc
Dvcj ff −=         (3.1) 
where j is the flux or rate of foulants accumulation, v is the permeate velocity, cf 
is the concentration of foulants, D is the diffusion coefficient of foulants, and y is 
the distance from membrane surface. 
It has been demonstrated that the deposition rate of foulants is equal to the 
product of permeate velocity and bulk foulants concentration [38, 39, 61].  This 
relationship is applicable so long as the fouling layer has not been reached its 





Dvcj =−=        (3.2) 
where cf0 is the feed or bulk foulant concentration.   The total amount of foulants 





0         (3.3) 
where M is the total amount of foulants accumulated on the membrane surface. 
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The increment in membrane resistance can be linearly related to the 
amount of accumulated foulants, i.e., 
∫ ∫===∆ t tfss vdtkvdtcrMrR
0 0
0       (3.4) 
where ∆R is the increment in membrane resistance due to fouling, rs is the 
specific resistance of fouling layer, and k (=rscf0) is the fouling potential of feed 
water (an intrinsic property of feed water).  It should be pointed out that although 
the fouling potential is derived from the concentration of foulants present in feed 
water, it is a measurable parameter that can be directly determined with a simple 
test.  There is no need to determine the concentration of foulants for calculating 
the fouling potential.  In fact, it is practically impossible to do so as rs is generally 
unknown except for the case of mono-disperse of spherical colloids.  There will 
be more discussion on k as the feed water fouling potential representation in the 
subsequent chapters.   
Eq. (3.4) shows that the rate of increase in membrane resistance due to 
fouling is dependent on two factors.  The first factor is the total volume of 
permeate flowing through a unit area of membrane surface since the start of 
filtration operation [38].  A larger volume of permeate flow would bring more 
foulant onto the membrane surface.  The second factor is the fouling potential of 
feed water, which is dependent on water characteristics and type and 
concentration of foulant present in the water. 
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3.2.2 Fouling development 
The above derivation in Section 3.2.1 shows that the rate of foulant 
deposition is strongly dependent on permeate flux.  Since the local permeate flux 
varies along a membrane channel, membrane resistances will not increase 
uniformly along the channel.  Thus, the total resistance at location x and time t 
comprises of the initial membrane resistance and the resistance of fouling layer 




0 ),(),( ττ        (3.5) 
where R(x,t) is the membrane resistance at location x and time t, R0 is the initial 
(or clean) membrane resistance, and τ is a dummy integration variable.   











        (3.6) 
It is seen from Eq. (3.6) that the parameter k is equal to the increment of 
membrane resistance attributed to a unit volume of permeate produced per unit 
membrane area.  Eq. (3.6) can be taken as the operational definition of fouling 
potential.  It is seen from the expression that k can be determined experimentally 
without any prior knowledge concerning the nature of foulant and the associated 
fouling mechanisms.   
A small piece of RO membrane or a single RO element can be used to 
determine the fouling potential.   The feed water is filtered with the membrane 
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under the proposed working pressure for a period.  According to Eq. (3.6), the 
fouling potential of the feed water is the change of the membrane resistance 
divided by the total volume of permeate collected of a unit membrane area.  This 
will be described in detail in later chapters. 
 
3.2.3 System performance 
The local permeate flux is needed to calculate the change in local 
membrane resistance with time with Eq. (3.5).  From the principle of membrane 
transfer, the permeate flux at location x and time t is given by 




txtxptxv π∆−∆=        (3.7) 
and 
),(),( txctx ∆=∆ απ         (3.8) 
where ∆p(x,t) and ∆π(x,t) are the transmembrane pressure and osmotic pressure 
respectively at location x and time t, α is the osmotic coefficient, and ∆c(x,t) is 
the difference between feed salt concentration and permeate salt concentration at 
location x and time t.  ∆c(x,t) can be safely taken as c(x,t) in most RO processes 
because the salt concentration in the permeate is usually much smaller than that 
in the feed. 
Three more equations are needed to further define the system.  These 
equations are briefly described below and detailed derivations of the equations 
can be found elsewhere [58].  The salt concentration at any location can be 
determined by applying mass conservation principle on salt 
Chapter 3. Modelling of Membrane Fouling in Full-Scale RO System 
 26
( ) ( ) ( ) ( ) ( ) 







00      (3.9) 
where u(x,t) is the cross flow velocity at location x and time t, H is the height of 
the membrane channel, u0 is the feed flow velocity, c0 is the feed salt 
concentration and r is the salt rejection of the membrane. The two terms in the 
square brackets are the amounts of salt entering the membrane channel and losing 
in the permeate, respectively.  
 Similarly, the application of mass conservation principle on water results 
in the following expression for cross flow velocity at any location along the long 
channel 






1,        (3.10) 
where ξ is the integration variable. 
 Finally, the drop of the transmembrane pressure downstream the long 
channel due to friction caused by the membrane surfaces and spacers is described 
by [62] 









,      (3.11) 
where ∆p0 is the initial transmembrane pressure, η is the water viscosity, and 
Kspacer (≥ 1) is a coefficient to account for transmembrane pressure drop due to 
the existence of spacers in membrane channel.  Kspacer is equal to 1 if the channel 
does not contain any spacer.  Eq. (3.5) and Eqs. (3.7)-(3.11) form the predictive 
model for membrane fouling in a full-scale RO process.  The model can be 
solved numerically using a simple recursive algorithm as shown in Figure 3.2. 




























Input feed water and 
system parameters 
For i = 0 
x0 = 0 
v0 = v0 
c0 = c0 
u0 = u0 

















































i = i + 1 
t = t + ∆t





t = 0 
Ri = R0 
i = 1
Figure 3.2. A recursive algorithm for solving the mathematical model 
developed in this study. 
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3.3 Simulations and Discussions 
Numerical simulations have been carried out to investigate membrane 
fouling behaviours taking place in a full-scale RO process under various 
conditions.  To address fouling development relevant to real RO systems, the 
parameter values used in these simulations are either chosen from the 
manufacturers’ specifications or practical operating conditions.  The purposes of 
these simulations are to study the development of membrane fouling in full-scale 
RO process and investigate the effects of membrane fouling on the performance 
of full-scale systems.  For all the simulations conducted in this study, the 
membrane channel is divided equally into at least 300 segments.  Unless 
otherwise specified, the values of the parameters summarized in Table 3.1 are 
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Table 3.1. RO Parameter Values for Computer Simulation. 
 
 
3.3.1 Fouling development in the membrane channel 
The simulated membrane resistance and the corresponding permeate flux 
along a membrane channel at different operating times are plotted in Figures 3.3 
and 3.4, respectively.  The number of operation days is indicated on each curve.  
These figures show how membrane resistance and permeate flux profiles change 
with time and the interplay between them.   
It is seen from Figure 3.3 that, at the start of filtration operation (t = 0 
day), the local membrane resistance is equal to the clean membrane resistance 
along the entire channel because fouling has not occurred yet.  Over 15 days of 
operation, there is an obvious increase in local membrane resistance for the first 4 
Length of RO System, L 6 m 
Channel Height, H 7×10-4 m  
Applied Pressure, ∆p0 5.516×106 Pa (800 psi) 
Feed Salt Concentration,  c0 10 000 mg/L 
Cross Flow Velocity at Entrance,  u0 0.1 m/s 
Membrane Intrinsic Resistance,  R0 1.8×1011 Pa⋅s/m 
Solute Rejection, r 99.5 % 
Number of Elements along RO System 300 
Total Number of Days 180 
Total Number of Time Cycles 180 
Feed Water Fouling Potential, k 3.5×109 Pa⋅s/m2 
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metres of membrane channel, with the highest increase occurred at the feed end 
of the membrane channel.  The local resistance of the remaining 2 metres of 
membrane channel remains unchanged.  This observation indicates that 
membrane fouling starts from the feed end of the membrane channel.  With 
increase in operating time, the fouling region extends downstream and eventually 
covers the entire membrane channel in about 60 days of operation.  It can also be 
seen that the fouling rate changes as fouling develops.  Taking the resistance 
increase at the feed end as an example, the increment of membrane resistance 
over the second 15 days (the distance between Line 30 and Line 15 in Figure 3.3) 
is smaller than that of the first 15 days (the distance between Line 15 and Line 0).  
The same trend can also be found in the resistance increments within the first, 
second and third 60 days of operation.  The above observations suggest that the 
local fouling rate decreases as membrane fouling develops.  
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The profiles of permeate flux at different operating times versus distance 
from the feed end of membrane channel are depicted in Figure 3.4.  At the 
beginning of filtration operation, permeate is mainly produced within the first 4 
metres of membrane channel while there is no permeate flux being produced in 
the last 2 metres of the membrane channel.  The highest permeate flux occurs at 
the entrance of membrane channel and the flux decreases rapidly to zero at the 4-
metre location.  The decline in permeate flux can be explained with the increase 
of osmotic pressure, or the decrease of net driving pressure, as a consequence of 
Figure 3.3. Membrane resistance along membrane channel with increasing 
operational time (in days). 
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permeate production.  At the distance of 4 m from the channel entrance, the 
osmotic pressure becomes equal to the transmembrane pressure.  As a result, no 
permeate could be generated at a distance beyond 4 m from the channel entrance.  
In other words, the last 2 m of the membrane channel is not being used for 
permeate production at the start of the filtration operation. 



























It is noted from Figure 3.4 that permeate production region expands 
progressively downstream as membrane fouling proceeds.  It is also noted that 
permeate flux at the entrance declines in tandem with the expansion in permeate 
Figure 3.4. Permeate flux along membrane channel with increasing 
operational time (in days). 
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production region.  Beyond Day 30, the whole membrane channel begins to 
contribute towards permeate production.  The peak local permeate flux starts at 
the entrance of membrane channel and moves progressively downstream with 
time.  For example, the peak permeate fluxes occur at 3.7 m and 4.7 m from the 
entrance at Day 30 and Day 60, respectively.  Figure 3.4 further shows that 
permeate fluxes for Day 120 and Day 180 increase gradually over the entire 
channel length, and the local flux reached its peak value at the exit end of the 
membrane channel.  The observed behaviour of the local permeate flux has not 
been reported and discussed in the literature.  Figure 3.4 further suggests that 
local permeate flux tends to become uniformly distributed over the entire 
membrane channel with time.  The local permeate flux is most unevenly 
distributed along the channel at the start of filtration operation.  It progressively 
becomes more uniformly distributed as fouling developed.  For example, the 
permeate fluxes of Day 120 and Day 180 are virtually constant in the first half of 
the membrane channel and both fluxes exhibit a slight increasing trend towards 
the exit end.  This phenomenon could be determined by the intrinsic property of 
fouling dynamics.  However, more fundamental study is needed to make it a 
convincing conclusion.  
Figures 3.3 and 3.4 show that there is a strong interplay between the 
membrane fouling rate and the permeate flux.  Firstly, membrane fouling rate is 
induced by permeate flux.  At the beginning of filtration operation, the maximum 
local permeate flux occurs at the channel entrance. Correspondingly, the 
maximum fouling rate also takes place at the entrance of membrane channel and 
that the fouling rate is equal to zero for the membrane channel beyond the 4-
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metre location (from the entrance of membrane channel) where permeate flux is 
zero.  In addition, when the permeate flux becomes more uniformly distributed 
over the membrane channel, the fouling rate approaches a constant value along 
the channel.  This observation is supported by the finding that there is roughly a 
constant difference between the two resistance lines for Day 120 and Day 180 at 
all locations.  Secondly, the permeate flux is strongly affected by membrane 
fouling.  Figure 3.4 confirms that both the magnitude and distribution of the 
permeate fluxes change significantly with time.  As all operating conditions of 
the membrane process are kept constant, the only reason that can cause the 
change of flux profiles is the development of membrane fouling taking place 
within the channel.  Membrane fouling tends to reduce the magnitude of the peak 
flux and to redistribute the flux more evenly over the entire channel. 
 
3.3.2 Effect of fouling on average flux 
The average permeate flux is the most commonly used parameter to 
indicate the performance of a RO process.  Unlike the local permeate flux in full-
scale RO process, the average permeate flux of a RO channel can be easily 
measured by dividing the total permeate flow rate by the total membrane surface 
area.  The average permeate flux in a 6-metre long membrane channel has been 
simulated over a period of 180 days and the simulation results are plotted in 
Figure 3.5.  It can be seen from Figure 3.5 that the average permeate flux remains 
constant during the first 60 days of operation and it begins to decline thereafter.  
This observation is different from the reported findings obtained from small 
laboratory-scale RO devices, in which the average permeate flux is known to 
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decline rapidly right at the start of membrane operation.  The simulation results 
shown in Figure 3.5 indicate that the average permeate flux in a full-scale RO 
process can remain constant for a period of time even when membrane fouling 
occurs right from the start of filtration operation.  This important phenomenon of 
membrane fouling in the full-scale RO processes have been observed and 
reported in the literature [63, 64]. 



























When Figure 3.5 is analyzed along with Figures 3.3 and 3.4, it becomes 
clear that the average permeate flux starts to decline when the entire channel is 
Figure 3.5. Change in average permeate flux with time with a feed 
water k-value of 3.5×109 Pa⋅s/m2. 
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used to produce permeate.  In other words, the average permeate flux is likely to 
remain constant as long as a portion of membrane channel is not being used for 
producing permeate flux.  Therefore, a longer membrane channel would allow the 
average permeate flux to remain constant for a longer period of time. 
 
3.3.3 Effect of fouling on crossflow velocity 
The profiles of crossflow velocity along a membrane channel at different 
operating time are plotted in Figure 3.6.  It can be seen that the profile of 
crossflow velocity is significantly affected by membrane fouling.  At the start of 
filtration operation (i.e., when the membrane is clean), the crossflow velocity 
decreases rapidly within the first 3 m length of membrane channel and it remains 
constant in the remaining portion of the channel.  As membrane fouling develops, 
the crossflow velocity decreases at a slower rate along the channel and it takes a 
longer distance to reach a constant value.  When the RO process is operated for 
longer than 60 days, the crossflow velocity along the channel declines so slowly 
that it cannot reach a constant value within the membrane channel.  Therefore, it 
can be concluded that membrane fouling tends to result in a more uniform 
distribution of crossflow velocity over the membrane channel. 
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3.3.4 Effect of fouling on salt concentration 
Salt concentration profile along membrane channel is also greatly 
influenced by membrane fouling.  As shown in Figure 3.7, salt concentration 
increases significantly from 10 000 mg/L to about 80 000 mg/L within the first 3 
m of the channel and remains constant over the remaining portion when the 
membrane is clean (without fouling).  The constant value of 80 000 mg/L 
indicates that the salt concentration has reached an equilibrium condition, where 
the osmotic pressure is equal to the transmembrane pressure.  The increase in salt 
Figure 3.6. Crossflow velocity along membrane channel with increasing 
operational time (in days). 
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concentration becomes slower along the channel and it takes a longer distance to 
reach the equilibrium salt concentration as membrane fouling develops.  When 
the process is operated for 60 days or longer, the membrane becomes so severely 
fouled that the salt concentration profile is unable to reach its equilibrium 
concentration within the channel length.  Figure 3.7 also shows that the salt 
concentration profiles of Day 120 and Day 180 do not increase much along the 
membrane channel.  The mild increase in salt concentration along the entire 
membrane channel indicates that, at this stage of operation, the overall permeate 
produced by the membrane channel is relatively small.  This observation 
confirms that the entire membrane channel has fouled considerably which in turn 
renders the recovery of the RO process to be very small. 
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3.3.5 Transmembrane pressure 
Transmembrane pressure decreases along a membrane channel due to 
frictional loss as water flows along the channel and over the spacers.  According 
to Eq. (3.11), the pressure decline rate along a membrane channel is proportional 
to the crossflow velocity.  At the initial stage of operation, the crossflow velocity 
over the entire membrane channel takes on its lowest value as the permeate 
production rate is at its highest value.  As a result, the loss of transmembrane 
Figure 3.7. Salt concentration along membrane channel with increasing 
operational time (in days). 
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pressure through the membrane channel is expected to be relatively small. This 
observation is confirmed by the transmembrane pressure profile of Day 0 (Figure 
3.8) which is the highest among all pressure profiles obtained at the subsequent 
stages of operation.  As membrane fouling develops progressively and the 
crossflow velocity along the channel increases, the transmembrane pressure loss 
along the channel increases with time.  However, it is noted from Figure 3.8 that 
the loss in transmembrane pressure through the membrane channel is rather 
insignificant even after a period of 180 days.  Thus, the loss in transmembrane 
pressure with time is unlikely to be a key parameter that governs the filtration 
operation and fouling process in a full-scale RO system. 
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3.3.6 Feed water fouling potential and fouling development 
It is not uncommon that the characteristics of feed water to RO processes 
vary substantially with locations and seasons.  The effect of water fouling 
potential, in terms of k-value, on the average permeate flux of a full-scale RO 
process has been simulated and is discussed below.   
The average permeate fluxes under different fouling potentials are plotted 
versus time in Figure 3.9.  It can be seen that the average permeate fluxes start 
Figure 3.8. Transmembrane pressure along membrane channel with increasing 
operational time (in days). 
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from the same initial value for feed water with different fouling potentials.  This 
is because the initial fluxes are determined by the clean membrane resistance and 
have not been affected by membrane fouling.  As operation proceeds, the fluxes 
of the feed water with higher fouling potentials decline earlier than those with 
lower fouling potentials.  For example, the permeate flux for k = 7.0×109 Pa⋅s/m2 
starts to fall after Day 30 while that for k = 3.5×109 Pa⋅s/m2 only begins to fall 
after Day 60.  Figure 3.9 indicates that the operating time taken for average flux 
to decline is doubled when the fouling potential is halved.  The effect of fouling 
on average flux is rather insignificant even after 180 days of operation, if the 
fouling potential of feed water is as low as 1.5×109 Pa⋅.s/m2. 
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Figure 3.9 clearly suggests that the characteristics of feed water are 
directly related to the development of membrane fouling in full-scale RO process.  
As outlined earlier, the fouling potential (k-value) of feed water can be readily 
measured with a simple membrane test.  The development of membrane fouling 
in a full-scale RO can then be predicted based on the measured fouling potential.  
This direct linkage between water fouling quality and fouling development in a 
full-scale RO process provides an effective way for rapidly evaluating the 
Figure 3.9. Change in average permeate flux with time with various feed water 
k-values: [1] 1.5×109 Pa⋅s/m2 , [2] 3.5×109 Pa⋅s/m2 , [3] 7.0×109 Pa⋅s/m2 , [4] 
1.1×1010 Pa⋅s/m2 , [5] 1.5×1010 Pa⋅s/m2. 
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effectiveness of a pretreatment method.  In other words, a simple measurement of 
the fouling potential of the pretreated water could provide sufficient information 
on fouling development in full-scale RO process and, therefore, on the 
effectiveness of the pretreatment method. 
 
3.3.7 Channel length and fouling development 
In most full-scale systems, a long membrane channel is commonly used 
by arranging several spiral-wound elements in series in a pressure vessel.  
However, there is no theoretical basis to determine the optimal length of 
membrane channel.  To investigate the effect of channel length on system 
performance, the behaviours of permeate flux are simulated below for membrane 
channel lengths of 1, 3, 6 and 9 metres.   
Figure 3.10 shows the profiles of average permeate fluxes associated with 
different membrane channel lengths with time.  It is seen from this figure that the 
average permeate fluxes of 1 m and 3 m channels decline right from the start of 
filtration operation, which agrees with the behaviours observed from small flat-
sheet RO devices and short membrane channels.  For RO process with a small 
surface area, membrane fouling has an immediate impact on average flux.  In 
contrast, there are initial periods of constant average fluxes for longer membrane 
channels (6 m and 9 m).  Figure 3.10 further shows that the initial period of 
constant average flux increases with membrane channel length.  For example, the 
average flux remains constant for 60 and 180 days in a channel of 6 m and 9 m, 
respectively.  This observation reveals that channel length is a critical factor to 
consider when membrane fouling is being assessed.  In a longer membrane 
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channel, there is a longer time delay before the detrimental effect of membrane 
fouling is reflected via a decline in average flux. 





























It is also observed from Figure 3.10 that a lower average permeate flux is 
produced by a longer membrane channel when operating under a same set of 
operating conditions.  This is because the total permeate flow might be produced 
by just a fraction of the membrane channel at a particular stage of operation.  
However, the average permeate flux is calculated by dividing the total permeate 
flow rate with the total membrane area in the channel.  The difference in average 
Figure 3.10. Change in average permeate flux with time with various channel 
lengths. 
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fluxes can be better explained by looking at the 3 m and 6 m channels.  As shown 
in Figure 3.4, at the start of operation, both channels utilize about 3 metre of their 
channel length to generate permeate production.  Thus, the total permeate 
production rate should be similar in both channels.  As a result, the average flux 
of the 6 m channel is half of the average flux of the 3 m channel because the total 
membrane area of the 6 m channel is twice the amount of the corresponding area 
available in the 3 m channel.  For better comparison, the permeate production 
rates for different channel lengths are plotted versus time in Figure 3.11.  From 
this figure, it can be seen that although the 1 m channel has the highest initial 
average permeate flux among the three channels, it produces the lowest total 
permeate flow rate because it has the smallest membrane area.  It is further noted 
from Figure 3.11 that the permeate flow rates start at the same level for different 
channel lengths except the 1 m channel.  In addition, a longer channel would 
allow the total permeate flow rate to remain constant for a longer period of time 
as discussed previously. 
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3.3.8 Clean membrane resistance and fouling development 
The clean membrane resistance is the most important characteristic of RO 
membranes.  In view of this, the effects of clean membrane resistance on the 
development of membrane fouling in a full-scale RO process are studied.  The 
simulations have been carried out for two RO systems with clean membrane 
resistances of 1.8×1011 Pa⋅s/m (typical for currently used RO membranes) and 
8.0×1011 Pa⋅s/m (typical for RO membranes used 10 to 20 years ago), 
respectively. 
Figure 3.11. Change in total channel permeate flow with time with various 
channel lengths. 
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The average permeate fluxes of the two systems are plotted with time in 
Figure 3.12.  It can be seen that the behaviours of membrane fouling on these two 
systems are different.  An initial period of constant average permeate flux is 
observed for the system with a clean membrane resistance of 1.8×1011 Pa⋅s/m.  In 
contrast, the average permeate flux of the system with a clean resistance of 
8.0×1011 Pa⋅s/m declines gradually with time right from the start of filtration 
operation, just as in the case of a small laboratory-scale RO device.  These 
simulations demonstrate that membrane fouling can induce immediate flux 
decline in RO processes employing less permeable membranes.  The is especially 
true for the older generations of RO membranes because the resistance of RO 
membranes manufactured a decade ago is about 10 times higher (or even more) 
than that of the current generation of membranes. The decline in average 
permeate flux was probably an acceptable indicator for membrane fouling in the 
older generation of full-scale RO systems. 
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The prediction of membrane fouling in full-scale RO system has been a 
major challenge for more effective fouling control and more widespread 
applications of RO process for water purification and seawater desalination.  The 
major difficulties in fouling modelling are the lacks of a functional and reliable 
linkage between water property and fouling rate and a realistic description of full-
scale RO process.   
Figure 3.12. Change in average permeate flux with time with various clean 
membrane resistances: [1] 1.8×1011 Pa⋅s/m , [2] 8.0×1011 Pa⋅s/m. 
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These two problems are addressed from innovative angles in the 
predictive model proposed in this study.  Firstly, a new fouling parameter, which 
is measurable with a simple filtration test, is proposed to characterize the water 
fouling potential.  With this fouling parameter, the feed water quality is readily 
related to the fouling rate (in terms of rate of increase in membrane resistance) 
taking place in a full-scale RO process.  Secondly, a more realistic description of 
full-scale RO process is developed by taking into account of the local variations 
of process variables and parameters.  With these new developments, the 
predictive model is able to simulate the temporal and spatial changes of 
membrane resistance in the membrane channel and thus provides a realistic 
means for studying fouling development in full-scale RO processes.  
Simulations show that there is a strong interplay between permeate flux 
and membrane fouling.  This interplay tends to result in a more uniform 
distribution of permeate flux along the whole membrane channel.  For a long 
membrane channel with a low membrane resistance, the average permeate flux of 
the entire channel can be maintained constant for a period of time even when 
fouling has occurred right from the start of filtration operation.  The occurrence 
and duration of constant average flux are affected by clean membrane resistance, 
channel length, and water fouling potential.  Upon experimental verification, the 
model developed in this study can be used to predict fouling development taking 
place in full-scale RO process based on water fouling potential and given 
operating conditions. 
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Chapter 4. Theoretical Development of New 
Normalization Method and Fouling Index 
 
4.1 Introduction 
Normalization of permeate flux data has been widely used to characterize 
membrane fouling under different experimental conditions.  The main intention 
of normalization is to allow a fair comparison of feed water fouling potentials by 
eliminating the effects of different operational parameters used in the 
experiments, such as net driving pressure and clean membrane resistance.  
However, it can be demonstrated that the commonly used intuitive normalization 
methods usually cannot serve their intended purpose.  In this chapter, the 
common normalization methods employed in fouling studies are first discussed 
and the limitation of each method identified.  Then, a new normalization method 
is proposed for characterizing water fouling potential based on fundamental 
principles of membrane fouling.  The intention of this normalization method is to 
define a fouling potential for feed water that is independent of, or at least, not 
strongly affected by operational conditions.   
This new normalization method is employed to be the new fouling index 
to adequately characterize and quantify the fouling potentials of feed waters for 
RO systems in a consistent manner.  This new index, if obtained from a 
laboratory-scale RO system, has the potential to replace the currently used 
indices, such as the SDI and MFI.  
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4.2 Common Types of Normalization 
This section presents a review of the normalization methods commonly 
employed with the intention to compare the fouling potentials of different feed 
waters by analyzing the fouling rates.  Fouling rate in a membrane process is 
dependent on two factors, namely the permeate flux and the fouling potential of 
the feed water.  The permeate flux is affected by the membrane resistance and the 
net driving pressure and the fouling potential is an intrinsic property of the feed 
water.  A good normalization method should be able to separate the contributions 
by the water property on the fouling rate from that by operational parameters.  
Careful analyses of the current methods are carried out based on the basic 
principles of membrane fouling to check if they could remove the effects of 
different operational parameters to provide a fair comparison as believed.   
In the following analyses, the total membrane resistance is divided into 
two components: the original membrane resistance and the incremental resistance 
due to membrane fouling, i.e., 
RRR ∆+= 0          (4.1) 
where R is the total membrane resistance, R0 is the original membrane resistance 
when it is clean, and ∆R is the incremental resistance due to membrane fouling. 
 
4.2.1 Normalizing with initial permeate flux or clean water flux 
One of the most common normalization methods is normalizing the time-
dependent permeate flux with either the initial permeate flux [17, 37, 40, 55-57] 
or clean water flux [58-59].  It is believed that such a normalization method can 
provide a fair comparison for the membrane fouling data obtained from 
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experiments employing different membrane resistances or different net driving 
pressures or both. 
 
4.2.1.1 Different clean membrane resistances 
Fouling rates of feed waters are often studied with membranes of different 
resistances.  As the magnitudes of permeate fluxes can be quite different for these 
membranes, normalization with their own initial fluxes is usually carried out to 
bring all the fluxes to an equivalent basis.  The declining rates of the normalized 
permeate fluxes are then used as indicators of the feed waters fouling rates for the 
respective membranes.  If the normalization method is working well, the 
declining rates of the normalized fluxes on membranes of different resistances 
should be the same for a given feed water.  However, it is not the case as shown 
with the following analysis.  
Consider two membrane systems with original membrane resistances of 
R1 and R2 (R1 > R2) employing identical feed water and net driving pressure.  As 
shown in Figure 4.1, the magnitude of the flux of membrane 1 is smaller than that 
of membrane 2 because of the larger original membrane resistance.  If this 
normalization is to work successfully, the normalized flux-time profiles produced 
in these two experiments should behave similarly because an identical feed water 
is used in both experiments.  This means that the drops in the normalized 








v ∆=∆          (4.2)  
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where ∆v is the drop in the permeate flux from the original flux over time interval 
t and v0 is either the initial permeate flux or the clean water flux of the clean 





























Case 1: High R0 (=R01) 
 
Case 2: Low P (=∆P1) 
Case 1: Low R0 (=R02) 
 
Case 2: High P (=∆P2) 
Figure 4.1.  Permeate flux-time profiles and normalized permeate flux-time 
profiles (with respect to initial flux/clean water flux) for two systems with: 
Case 1: different clean membrane resistances, Case 2: different net driving 
pressures. 
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By definition, the drop in the permeate flux is 
vvv −=∆ 0           (4.3)  
where v is the permeate flux at time t.  Both v0 and v can be expressed in terms of 







0         (4.4)  
where ∆P (= ∆p–∆π, with ∆p and ∆π being the applied pressure and osmotic 
pressure, respectively) is the net driving pressure.  Combining Eqs. (4.2), (4.3) 








R ∆=∆          (4.5) 
Eq. (4.5) shows that the ratios of the incremental resistances to their 
respective clean membrane resistances must be equal for both systems in order 
for Eq. (4.2) to be valid.  However, this result can never be true.  Under the same 
driving pressure, a lower membrane resistance will always mean a higher initial 
permeate flux and a greater fouling rate, and therefore a larger resistance 
increment during the same period.  The invalidity of Eq. (4.5) implies that this 
normalization with respect to either the initial permeate flux or clean water flux 
does not remove the effects of different membrane types as believed. 
 
4.2.1.2 Different net driving pressures 
Normalizations are also conducted for comparing membrane fouling data 
obtained under different net driving pressures.  Consider two membrane systems 
that are operated under different pressures ∆P1 and ∆P2 (∆P1 > ∆P2) while all 
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other operational parameters are being identical.  Obviously the system under 
high pressure will have a greater permeate flux.  Similarly, for this normalization 
method to be valid, the normalized fluxes should again satisfy Eq. (4.2).  The 





















∆=       (4.7)  
From Eqs. (4.2), (4.3), (4.6) and (4.7), it can be found that the incremental 
resistances for both systems over time period t have to be equal to each other, i.e., 
21 RR ∆=∆          (4.8)  
Again, this is impossible because with all other operational conditions 
being the same, the membrane system under higher pressure will have a greater 
permeate flux and therefore, a greater resistance increment in the same period of 
time.  Thus, normalizing the permeate flux by either the initial permeate flux or 
the clean water flux does not provide a platform for fair comparison of membrane 
fouling associated with different net driving pressures. 
 
4.2.2 Normalizing with net driving pressure 
A less popular normalization method for fouling study is to divide the 
time-dependent permeate flux by the net driving pressure [60], hoping to remove 
the effects of different net driving pressures used in different experiments.  
Consider the case just mentioned previously where two membrane systems differ 
only in the net driving pressures.  Note that the permeate flux normalized with 
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respect to the net driving pressure is equivalent to the inverse of the total 
membrane resistance.  
Thus, the condition for this normalization to make sense is that the 
incremental resistances in both systems have to be equal to each other, i.e., 
21 RR ∆=∆           (4.9)  
As explained previously, this cannot happen in two systems having 
different net driving pressures while all other operational parameters are being 
the same.  
To conclude this section, the above analyses have demonstrated that the 
normalization methods based on initial or clean water flux and net driving 
pressure cannot provide a fair basis for comparing membrane fouling data 
obtained under different experimental conditions.  The results or conclusions 
drawn from these normalizations may be biased or even misleading.  It is evident 
that a more theoretical and effectual normalization method of analyzing the 
declining flux is required for the study of fouling. 
 
4.3 Theoretical Development 
The rate of fouling or foulant deposition on membrane surface is mainly 
dependent on two factors: permeate flux and fouling potential (or strength) of 
feed water [38, 65].  The permeate flux is controlled by the membrane resistance 
and the net driving pressure.  Fouling potential is an intrinsic property or 
characteristic of feed water, such as the properties and concentration of foulant 
present in the water.  Due to the inadequacy of the fundamental theories, fouling 
potential of a given water must be determined from fouling experiments.  As the 
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membrane resistance and the net driving pressure affect the permeate flux, and 
consequently, the fouling rate, a proper normalization method is required to 
eliminate the effects of these factors when the fouling potential of feed water is 
determined from fouling experiments. 
 
4.3.1 Fouling potential of feed water 
Study on membrane fouling cannot be rigorously conducted without a 
clearly defined parameter of the fouling strength of feed water.  In this study, 
fouling potential of a feed water is defined as 
∫+= t dttvkRtR
0
0 )()(          (4.10)  
where R(t) is the total membrane resistance at time t, v(t) is the permeate flux at 
time t and k is the fouling potential of the feed water.  Eq. (4.10) states that the 
total resistance of a membrane system at any time consists of two terms.  The 
first term is the original clean membrane resistance and the second term is the 
incremental resistance due to membrane fouling.  The integration dttv
t∫
0
)(  in the 
second term is the total volume of permeate produced per unit membrane area 
during the time period from 0 to t.  Therefore, the physical meaning of the fouling 
potential k is the incremental resistance due to a unit volume of permeate passing 
through a unit membrane surface area. 
 In the case of colloidal fouling where the foulant concentrations in the 
bulk solution and the fouling layer, as well as the specific resistance of the 
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k 0=           (4.11)  
where c0c and cgc are the colloidal concentrations in the bulk flow and fouling 
layer, respectively, and rc is the specific resistance of the fouling layer.  Eq. 
(4.11) is of very limited usage because the colloidal concentration and the 
specific resistance of the fouling layer are usually neither available nor 
experimentally measurable.  
 However, letting Vt to represent the total volume of permeate produced 
per unit membrane area over a period of time t, Eq. (4.10) can be rewritten as 
tkVRtR += 0)(  




)( −=           (4.12)  
Eq. (4.12) can be taken as a practical definition of the fouling potential of 
a feed water, and it becomes an experimental means to determine the fouling 
potential of the water being tested.  Since the total volume of permeate 
production over a given period and the resistances at the start and end of this 
period are measurable, the fouling potential can be calculated with Eq. (4.12) 





















4.3.2 A new normalization method as a fouling index 
A new normalization method to analyze the declining flux data can be 
developed based on the new definition of feed water fouling potential and the 




tdR =           (4.13)  




Ptv ∆=           (4.14)  






The total volume of permeate 
per unit membrane area, Vt, is 
indicated by the shadowed area 
Figure 4.2. Schematic diagram for calculation of fouling potential from the 
initial and final permeate flux values and the total volume of permeate 
produced per unit area of membrane over the period of test. 











∆−=        (4.15)  






∆−=          (4.16)  






∆−=         (4.17)  
Eq. (4.17) shows that the fouling potential is actually a result of a new 
normalization of the declining rate of permeate flux.  The normalization factor is 
the cubic of the permeate flux divided by the net driving pressure  
P
tvf N ∆=
3)(          (4.18)  
This new normalization does not produce another normalized flux-time 
curve. Instead, it generates a single numerical value k, which is the fouling 
potential of the feed water being tested.  If k were to be determined from a 
fouling experiment conducted on a small-scale RO setup, k itself becomes a new 
fouling index to represent the fouling potential of a feed water for RO system.  
This new fouling index has the potential to replace the SDI and MFI as it 
employs the RO membrane which is able to trap all foulant which can cause 
fouling in RO systems.  Thus, it can characterize the fouling potential of the feed 
water specifically for RO systems adequately.  Also, this new fouling index is 
able to quantify the water fouling potential meaningfully with a numerical value, 
which represents the resistance increase per unit permeate volume passing 
through a unit surface membrane area. 
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Eq. (4.16) shows that the decline rate of the permeate flux is linearly 
related to the cubic of the permeate flux at any time, which becomes another 
means, other than Eq. (4.12), to determine the feed water fouling potential 
obtained from fouling experiment.  In this case, a fouling experiment for the feed 
water is being conducted under a constant applied pressure.  The permeate flux 
measured from the experiment is plotted against time, as shown in Figure 4.3a.  
The slopes at different times are obtained from this time-dependent flux curve 
and re-plotted against their respective v3, as shown in Figure 4.3b.  The feed 
water fouling potential is the product of the net driving pressure and the slope of 
the best fitted straight line through the data points.  Both methods employing Eqs. 
















Figure 4.3. Schematic diagrams for calculation of the fouling potential from 
the derivative of permeate flux (dv/dt) against cubic of flux (v3).  Figure 4.3a 
shows the plot of permeate flux against time, while Figure 4.3b shows the plot 
of change in flux against cubic of flux. 
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4.4 New fouling index k in full-scale modeling 
 As discussed in Section 4.3.2, if the proposed normalization method were 
to be employed on the feed water using a small-scale RO membrane system, the 
method can be used as the new fouling index k to characterize and quantify the 
fouling potential of the feed water.   
In Chapter 3, a computational model is developed to simulate the fouling 
development in the full-scale RO system.  Through this process, it is able to 
predict the performance of the full-scale system over a period of operational time 
and this is very useful to full-scale system plant operators and designers in the 
industry.  If a plant were to be designed to treat a particular feed water, the 
fouling index of that feed water can be obtained from a fouling experiment 
conducted with a small-scale RO system (to be discussed in detail in Chapter 6).  
This fouling index k can be employed in the computational model and the 
operational parameters can be varied to obtain the optimal performance desired 
by the plant designer.  Hence, it can be seen that unlike the SDI and MFI, the new 
fouling index k has an important practical purpose in plant system design, which 
can save much time and resources by avoiding pilot-scale tests.  
 
4.5 Summary 
Several normalization methods are commonly used on the permeate 
fluxes obtained from fouling experiments under different operating conditions to 
study the fouling potentials of feed waters.  The intention of these normalizations 
is to remove the effects of different operational parameters on the fouling rate so 
that comparison or assessment of the fouling potentials can be made on a fair 
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basis.  However, it is demonstrated in this study that these commonly used 
normalization methods are actually unable to serve their intended purpose.  Based 
on some basic membrane principles, a new normalization method has been 
theoretically derived.  When this normalization method is employed on feed 
water using a laboratory-scale RO system, it has the potential to be a new fouling 
index to replace the SDI and MFI to characterize and quantify the fouling 
potential adequately.  Also, very importantly, this new fouling index can be 
employed in the computer model discussed in Chapter 3 to predict performance 
of the full-scale RO plant. 
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Chapter 5. Ultrafiltration Experiments on 
Colloidal Feed Water 
 
5.1 Introduction 
Laboratory-scale ultrafiltration (UF) fouling tests are conducted on 
colloidal feed waters under different colloid sizes, concentrations, and applied 
pressures to verify the new normalization method presented in Chapter 4.  As 
shown in Chapter 4, the proposed normalization method is actually an indication 
or quantification of the fouling potential of the feed water with respect to the 
specific membrane type which is being employed in the fouling experiment.  In 
this chapter, the ultrafiltration membrane is used.  
The experiments show that the fouling potential defined with the newly 
proposed normalization method is linearly related to the colloid concentration of 
the feed water and that the effect of operational conditions used in the fouling 
experiments on the fouling potential is minimal. 
 
5.2 Materials and Methods 
5.2.1 Silica colloids and suspensions 
Two commercially available silica colloids (Snowtex ZL and 20L, Nissan 
Chemical Industries, Ltd., Tokyo, Japan) are used in the ultrafiltration fouling 
experiments as model foulants.  The ZL colloids are supplied in suspension of 
weight concentration 40-41% with specific gravity of 1.29-1.32 (at 20 °C), while 
the 20L colloids are in suspension of concentration 20-21% with specific gravity 
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of 1.12-1.14 (at 20 °C), as given by the manufacturer.  Also, according to the 
manufacturer, the average particle diameters of the ZL and 20L colloids are 70-
100 nm and 40-50 nm, respectively.  However, the effective diameters of the ZL 
and 20L colloids, after dilution with deionized water, are measured with Zeta 
Potential Analyzer (Brookhaven Instruments Corp., Holtsville, NY) as 128-133 
nm and 78-89 nm, respectively.  
The feed suspensions of different colloid concentrations are prepared by 
dilution of the commercial colloidal suspension with deionized water of 
conductivity less than 1 µS/cm. Colloid sizes in the effluent of the fouling 
experiments are measured with Zeta Potential Analyzer to ensure that no 
coagulation of colloids occurs during the fouling experiments. 
 
5.2.2 Crossflow membrane unit 
A schematic diagram of the crossflow membrane unit used in this study is 
shown in Figure 5.1.  The feed tank is filled with 40 L of deionized water and the 
centrifugal pump (CN1-13, Grundfos Pumps Corp, Olathe, KS) sends the water 
into the membrane module.  A chiller in the feed tank is used to maintain the 
temperature of the feed water at 23-24°C throughout the entire fouling 
experiment.  The feed flow rate and operating pressure are both controlled by 
adjusting the ball valves located after the pump and the needle valve located after 
the membrane module.  The feed flow rate and pressures at the inlet and outlet of 
the membrane module are measured  with the F440 flow meter (Blue White 
Industries, Huntington Beach, CA) and Ametek pressure gauges (U.S. Gauge, 
Feasterville, PA), respectively.  The permeate is collected in a glass beaker 
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placed on a digital mass balance (PG8001-S, Mettler Toledo, Greifensee, 
Switzerland) linked up to a computer. The mass of the permeate collected in the 















The membrane module used in this experimental study is a tubular 
ceramic membrane made of zirconia (1T1-70, USFilter Corp., Warrendale, PA) 
which is housed in a cylindrical stainless steel casing (USFilter Corp., 
Warrendale, PA).  The membrane is 250 mm long and 7 mm in inner diameter, 

























Figure 5.1. Schematic diagram of crossflow ultrafiltration experimental setup.
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that the membrane pore size is 20 nm and that the membrane is able to operate in 
the pH range of 0-14, temperature range of 0-300°C, and pressure range of 0-
1.03×106 Pa (0-150 psi).  The resistance of the new membrane is measured to be 
2.0×109 Pa.s/m. 
 
5.2.3 Experimental procedure 
At the start of the experiment, the required feed flow rate and operating 
pressure of the system are first obtained with deionized water by adjusting the 
ball and needle valves. When the required flow rate and pressure are established, 
the permeate is collected in the beaker and the weight of the permeate is 
measured and recorded at preset time intervals, which is 5 s for most experiments 
conducted in this study.  The clean membrane resistance will be calculated from 
this measurement.  After about 100 mL of permeate is collected, the measured 
colloidal suspension is poured into the feed tank and rapidly mixed with the water 
in the tank.  The permeate continues to be collected, weighted, and recorded until 
the end of the experiment.  Each fouling experiment is conducted for about 18 
min, by then steady state would have been reached under the operational 
conditions employed in all the fouling experiments.   
After each fouling experiment, the colloidal suspension is drained from 
the feed tank and discarded.  The tank is rinsed with deionized water and refilled 
with clean deionized water.  The system is then being flushed at a flow rate of 1.8 
L/min for at least 3 hours (with all valves of the membrane module unit opened) 
to wash the colloids off the membrane and system.  It is noted that at least 95% of 
the new membrane permeate flux can be restored by this cleaning procedure.  
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The membrane resistance is always measured before the start of every fouling 
experiment, as described earlier. 
 
5.3 Results and Discussions 
5.3.1 Calculation of the time-dependent permeate fluxes 
The permeate flux at any time can be calculated from the cumulative 
weight of the permeate as follows:  
tS
Wv ∆
∆= ρ          (5.1) 
where ∆W is the increment in permeate weight within the time interval ∆t, ρ is the 
density of the permeate (approximated with the density of water) and S is the 
surface area of the tubular membrane used in the experiment.  The permeate flux 
is calculated over a time interval of 60 s in this study (by averaging 13 readings 
of 5 s intervals) to eliminate the fluctuations due to random errors during sample 
grabbing.  The time-dependent fluxes for six different colloidal concentrations of 
20L colloids are plotted in Figure 5.2.  The concentrations are expressed in terms 
of w/w ratio.  The experiments are conducted at the applied pressure of 2.76×105 
Pa (40 psi) and crossflow velocity of 164 cm/s.  The duration of these 
experiments is 950 s because the permeate fluxes for the six concentrations reach 
steady state within this period of time. 
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Two important observations can be made from Figure 5.2.  1) A higher 
concentration of colloids leads to a greater rate of flux decline (will be elaborated 
later) as demonstrated by the increase in fouling potential.  This confirms the fact 
that with all the other operational parameters held constant, the fouling rate is 
dependent on colloid concentration present in the feed water.  2) The fluxes 
eventually reach constant values.  This is a rather important phenomenon for 
Figure 5.2. Time-dependent permeate fluxes under different 20L colloid 
concentrations (w/w). Filtration conditions employed are T = 23-24 °C, ∆P = 
2.76×105 Pa (40 psi), crossflow velocity = 164 cm/s. 
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colloidal fouling in a crossflow membrane filtration.  Song [38] and Zhang and 
Song [39] have demonstrated that there is a steady state in crossflow filtration 
and colloidal fouling ceases to occur once steady state is reached.  Therefore, 
from the filtration experiments conducted in this study, only the permeate flux 
data obtained before steady state can be used for analyzing the fouling rate. 
 
5.3.2 Calculation of the fouling potentials 
There are three methods in determining the fouling potential from the 
experimental permeate flux-time data.  Two of the methods are based on Eqs. 
(4.12) and (4.16) described previously.  The third method is to obtain the fouling 
potential by fitting the simulated curve to the experimental data points, which 
will be discussed further in this section.  
The flux data from one of the fouling experiments conducted is used to 
demonstrate how the fouling potential is obtained from the three methods.  Figure 
5.3 shows the flux data of ZL colloids of concentration 9.36×10-4 (w/w) 
employed in the fouling experiment conducted under an applied pressure of 
3.45×105 Pa (50 psi) and a crossflow velocity of 164 cm/s.  As said in the 
previous section, the flux data at steady state does not carry any information on 
fouling rate.  Therefore, only the initial portion of the flux decline data, up to the 
75% drop of its ultimate permeate flux decline (i.e. the difference between the 
initial permeate flux and permeate flux during steady state), is used in this study 
for determining fouling potential.  For this experiment, only the data within the 
first 330 s is used.   
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To determine fouling potential with Eq. (4.12), the total volume of 
permeate production per unit membrane area over a given operational period has 
to be calculated from the flux decline data.   This can be done numerically with 
the representative equation 
tvV
i
it ∆= ∑          (5.2) 
Figure 5.3. Time-dependent permeate flux under ZL colloid concentration of 
9.36×10-4 (w/w). Filtration conditions employed are T = 23-24 °C, ∆P = 
3.45×105 Pa (50 psi), crossflow velocity = 164 cm/s. Area under the curve is 
calculated to obtain V330 value. 
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where Vt is the total volume of the permeate per unit membrane area collected at 
time t, vi is the permeate flux at time ti, and ∆t is the time interval between two 
samplings. 
Eq. (5.2) is used to calculate the volume of permeate collected per unit 
area of membrane surface in the 330 s time period, V330.  In other words, the areas 
of the six trapeziums in Figure 5.3 are summed up to give a good approximation 
to this value.  The new membrane resistance, R0, has been determined at the start 
of the experiment, and the total membrane resistance at 330 s, R330, can be 
determined by dividing the applied pressure by the permeate flux value obtained 
at 330 s.  Substituting the values into Eq. (4.12), the fouling potential is found to 
be 1.75×1011 Pa.s/m2. 
 Another method used to determine the fouling potential is by finding the 
six gradient values between the data points shown in Figure 5.3.  These gradient 
values are plotted against the cubic of their respective interpolated permeate flux 
values at the mid-point of two consecutive data points, as shown in Figure 5.4.  A 
best-fitting straight line is fitted through the points and origin, and the 
relationship between dv/dt and v3 is presented in the figure.  By employing Eq. 
(4.16), the product of the gradient of the best-fitting line and applied pressure is 
taken to give a fouling potential of 1.60×1011 Pa.s/m2. 




















It is possible to simulate the flux decline trend based on the theories 




kvv iii ∆∆−=+ ..
3
1          (5.3)  
Thus, for a given fouling potential k and an initial permeate flux, the permeate 
fluxes are readily simulated step-wise over the chosen time period using a 
computer spreadsheet software. 
Figure 5.4. Plot of dv/dt against v3 values with best-fitting line. Linear 
relationship is expressed in the form of the equation. 
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The third method used is to determine the fouling potential value such 
that the best-fitting simulated curve can be produced to adequately fit the 
experimental data points.  Employing Eq. (5.3), the optimal fouling potential is 
obtained by trial-and-error method or more rigorously with optimization 
technologies such that the simulated curve best fits the data points.  Also, the 
fouling potential values determined from the previous two methods will provide 
good starting points for the determination of the optimal fouling potential.  For 
this experiment, the optimal fouling potential is determined to be 1.75×1011 
Pa.s/m2.   
Using Eq. (5.3), the three simulated curves, employing the respective 
fouling potential values determined from the three methods, are plotted with the 
experimental data in Figure 5.5.  For this experiment, it is demonstrated that the 
fouling potential determined by the first method is closer to the one that will give 
the best-fitting curve.  For the rest of the experiments conducted in this chapter, 
the fouling potential of each experiment is determined from the procedure 
described in this section, and only the value obtained from the third method will 
be presented and employed in the discussions as it gives the most appropriate and 
accurate representation of the actual fouling potential. 
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5.3.3 Linear dependence of fouling potential on colloid concentration 
The time-dependent fluxes for four of the six different 20L colloidal 
concentrations employed, with the best-fitting simulation curves, are plotted in 
Figure 5.6.  For this series of experiments, the applied pressure is 2.76×105 Pa 
(40 psi) and crossflow velocity is 164 cm/s.  As seen from the graphs, the 
Figure 5.5. Time-dependent permeate flux under ZL colloid concentration of 
9.36×10-4 (w/w). Filtration conditions employed are T = 23-24 °C, ∆P = 
3.45×105 Pa (50 psi), crossflow velocity = 164 cm/s. The simulated curves 
employing the fouling potential values obtained from the three methods are 
plotted together with the data points.   
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experimental fluxes are fitted reasonably well with the simulated curves.  The 
fouling potentials for all the six concentrations used are listed in Table 5.1.  The 
ability of the simulated curves to fit experimental fluxes well demonstrates that 
Eq. (4.16) or (5.3) can be used to describe the time-dependent flux decline trend 
in crossflow membrane filtration before reaching steady state.  However, the 
simulation of the flux decline is not the main interest of this research and 
therefore, it will not be discussed further. 




























Figure 5.6. Time-dependent permeate fluxes with simulated curves for 20L 
colloid concentrations of a) 2.16×10-4 (w/w), b) 4.32×10-4 (w/w), c) 6.48×10-4
(w/w), d) 1.30×10-3 (w/w). Filtration conditions employed are T = 23-24 °C, 
∆P = 2.76×105 Pa (40 psi), crossflow velocity = 164 cm/s. 
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Table 5.1. Fouling potentials of Nissan 20L colloidal suspensions at different 
concentrations. 
Concentration (w/w) 
(×10-4) 2.16 4.32 6.48 8.64 10.80 13.00 
Fouling potential 
(×1010 Pa.s/m2) 
4.60 7.96 10.50 15.00 18.00 21.50 
 
The water fouling potentials for the different colloidal concentrations are 
plotted in Figure 5.7.  It is noted from this figure that the potentials of feed water 
show a strong linear relationship with the colloidal concentration of the feed 
water and the corresponding linear correlation coefficient (r) is 0.99814.  This 
linear dependency of the fouling potential obtained from the proposed 
normalization method on the colloid concentration is ideal because it gives an 
appropriate and accurate indication of the fouling tendency of the feed water.  
This proportionality will also allow meaningful comparisons of fouling capacities 
of different feed waters.  For instance, given that both water samples contain the 
same type of colloids, the fouling potential of a feed water that is twice the 
fouling potential of another feed water would indicate it contains a colloid 
concentration that is twice as high compared with that of the second water. 
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5.3.4 Fouling potential of smaller colloidal particles 
The fouling potential is the intrinsic property of the feed water and 
ideally, it should be independent of all the system operational parameters.  
However, this independence may not be true if the fouling property of the feed 
water changes with the operational conditions.  For example, when the fouling 
layer is compressible under high pressure, the fouling potential will increase with 
Figure 5.7. Linear relationship between fouling potential and feed 
concentration for 20L colloids. Filtration conditions employed are T = 23-24 
°C, ∆P = 2.76×105 (40 psi), crossflow velocity = 164 cm/s. 
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pressure even when the colloidal condition remains constant.  In this and the next 
section, the effect of applied pressure on fouling potential is investigated for feed 
waters containing colloids of two different sizes. 
A series of fouling experiments are carried out with the 20L colloids 
(average diameter is 84 nm) with the operating pressure ranging from 1.38×105 
(20 psi) to 3.45×105 Pa (50 psi).  The colloidal concentration is 4.32×10-4 (w/w) 
and the crossflow velocity is maintained at 164 cm/s for all experiments.  The 
time-dependent permeate fluxes for four of the seven pressures employed are 
shown in Figure 5.8.  It can be seen, once again, that the theory describes the flux 
decline behaviour well.  The fouling potentials of the feed water under all the 
different pressures are determined with the new normalization method and listed 
in Table 5.2.  The fouling potentials are plotted against the operating pressures in 
Figure 5.9.  It is seen from the graphs that the fouling potentials obtained for the 
same feed water are independent of the applied pressures within the pressure 
range studied.  They are reasonably close, ranging from 7.96×1010 to 8.80×1010 
Pa.s/m2.  This indicates that the fouling potential of the suspension of the small 
colloids is not affected by the variation of the applied pressure. 
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Figure 5.8. Time-dependent permeate fluxes with simulated curves under 
different applied pressures. 20L colloid concentration of 4.32×10-4 (w/w) is 
used for all runs. Filtration conditions employed are T = 23-24 °C, crossflow 
velocity = 164 cm/s. 
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Table 5.2. Fouling potentials of Nissan colloidal suspensions at different 
pressures. 
Fouling potential (×1010 Pa.s/m2) 
Pressure (×105 Pa) (psi) 
20L colloids ZL colloids 
1.38 (20) 8.30 11.00 
1.72 (25) 8.10 11.40 
2.07 (30) 8.00 11.50 
2.41 (35) 8.50 11.50 
2.76 (40) 7.96 13.50 
3.10 (45) 8.80 15.50 
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5.3.5 Fouling potential of bigger colloidal particles 
The fouling experiments with ZL colloidal suspension (average diameter 
is 131 nm) of concentration 9.36×10-4 (w/w) are conducted for different pressures 
ranging from 1.38×105 to 3.45×105 Pa (20-50 psi).  The time-dependent fluxes 
for four of the seven employed pressures are plotted in Figure 5.10.  The fouling 
potentials obtained with the proposed normalization method for all the 

























Figure 5.9. Relationship between fouling potential and applied pressure. 20L 
colloid concentration of 4.32×10-4 (w/w) is used for all runs. Filtration 
conditions employed are T = 23-24 °C, crossflow velocity = 164 cm/s.  
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experiments are listed in Table 5.2 and plotted against the respective applied 
pressures in Figure 5.11.  It can be seen that the fouling potentials range from 
1.10×1011 to 1.15×1011 Pa.s/m2 within a lower pressure range of 1.38×105 to 
2.41×105 Pa (20-35 psi).  This relatively constant value indicates that the fouling 
potential of the feed water is not affected by pressure when the pressure is low.  
However, at a higher pressure range of 2.76×105 to 3.45×105 Pa (40-50 psi), the 
fouling potential increases with pressure and reaches 1.75×1011 Pa.s/m2 at 
3.45×105 Pa (50 psi).  This could be due to the fact that at a higher pressure, 
compression of the fouling layer becomes more significant and it increases the 
specific resistance of the fouling layer.  
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Figure 5.10. Time-dependent permeate fluxes with simulated curves under 
different applied pressures. ZL colloid concentration of 9.36×10-4 (w/w) is 
used for all fouling experiments. Filtration conditions employed are T = 23-24 
°C, crossflow velocity = 164 cm/s. 


















It should be pointed out that the change of the fouling potential with 
pressure is a property of the feed water too.  The compressibility of the fouling 
layer is strongly related to the nature of colloids or foulants in the feed water.  
Some colloids or foulants may be more easily compressed than others.  In the 
case of the colloids with similar chemical properties, colloidal size may be an 




























Figure 5.11. Relationship between fouling potential and applied pressure. ZL 
colloid concentration of 9.36×10-4 (w/w) is used for all runs. Filtration 
conditions employed are T = 23-24 °C, crossflow velocity = 164 cm/s. 
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important factor for compressibility.  The bigger particle is susceptible to a much 
greater hydraulic drag force and therefore, significant compression of fouling 




Fouling experiments are carried out on a UF system with feed water 
containing colloidal foulant to verify the proposed new normalization method to 
characterize the fouling potential of the feed water.  Results show that the newly 
defined fouling potential has a linear relationship with the concentration of the 
colloidal foulant.  This is ideal as it enables a clear comparison of the fouling 
potentials of different feed waters.  With the colloids of diameter of 84 nm, it is 
also shown that fouling potential is not affected by the operating pressure of the 
system.  However, the fouling potential of larger colloidal particles with diameter 
of 131 nm is shown to be constant at low pressures of less than 2.41×105 Pa (35 
psi) but to increase with pressure at higher pressures.  This observation indicates 
that the fouling strength of a given feed water can be dependent on the 
operational conditions.  One possible explanation of the increase in fouling 
potential with pressure is that a denser fouling layer may be formed at higher 
pressures such that the same amount of foulants can result in a higher declining 
rate in permeate flux. 
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Chapter 6. Reverse Osmosis Experiments 
on Organic Feed Water 
  
6.1 Introduction 
In Chapter 5, the proposed normalization method has been verified with 
the colloidal feed water with the laboratory-scale ultrafiltration membrane 
system.  In this chapter, the new normalization method is employed as a new 
fouling index to adequately characterize and quantify the fouling potential of the 
feed water for reverse osmosis processes.  In order to do so, it is critical that the 
RO membrane is used in the fouling experiment which is employed to obtain the 
fouling index, as the RO membrane is able to trap all the foulants of a RO 
system.  Thus, it has the potential to replace the current indices which employ 
either the MF or UF membranes, in which the pore sizes are too big. 
In this chapter, an operational protocol is described using the laboratory-
scale RO test cell to obtain the fouling index of the feed water.  This fouling 
index serves two purposes.  Firstly, it provides a numerical quantification of the 
fouling potential of the feed water in a consistent manner.  Secondly, this fouling 
index can be used to simulate the fouling development in the full-scale RO 
system by employing the computational model discussed in Chapter 3 and thus, 
predict the system performance over a period of operational time.  The humic 
acid is used as the foulant in the feed solutions and fouling experiments are done 
to conduct preliminary investigation on the new fouling index. 
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6.2 Materials and Methods 
6.2.1 Humic acid stock solution preparation and characterization 
Commercial Aldrich humic acid powder (Aldrich Chemical Co. Ltd., 
Gillingham, Dorset, England) is used to prepare the stock solution which will be 
used for the feed water in the experiments conducted.  NaOH is added into 1 L of 
deionized water in a one-liter glass flask to raise the pH to 11.  For the fouling 
experiments, deionized water of conductivity less than 1 µS/cm is used to prepare 
all stock solutions and feed waters for the experiments.  About 100 g of AHA 
powder is added into the prepared alkaline solution and the mixture is heated and 
maintained at a temperature of 70 °C and stirred continuously for about 24 hrs.  
The high pH and high temperature is to allow better solubility of the humic acid.  
After the mixture has cooled, it is poured into centrifuge tubes and centrifuged at 
15 000 rpm for 15 min (1920, Kubota Corp., Bunkyo-ku, Tokyo, Japan).  The 
supernatant is collected and filtered through 1.1 µm glass microfibre filters 
(Whatman International Ltd., Maidstone, England) to remove the remaining 
larger particulate ash content.  The filtrate is then collected and stored in another 
glass flask under refrigeration at 4 °C, to be used as the stock solution. 
The AHA stock solution is characterized by its Total Organic Carbon 
(TOC) content.  A sample of the stock solution is diluted 10 000 times and the 
TOC content is determined by the TOC Analyzer (O.I. Analytical, College 
Station, Texas).  It is found that the TOC content of the stock solution is 26 162 
ppm. 
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6.2.2 Electrolyte stock solution preparation 
1 M NaCl, 1 M CaCl2 and 0.1 M EDTA (di-sodium dihydrogen 
ethylenediamine tetraacetate dehydrate, C10H14N2Na2O8.2H2O, Nacalai Tesque, 
Kyoto, Japan) stock solutions are prepared and stored under refrigeration at 4 °C. 
 
6.2.3 RO membranes and their storage 
Precut polyamide reverse osmosis brackish-water membranes 
(YMAKSP1905, Osmonics, Minnetonka, MN) are used in all the fouling 
experiments.  The new, unused membranes are kept in their individual cylindrical 
cartridges and the cartridges are sealed in an air-tight container containing silica 
granules as desiccant.  The container is then stored in a dry cabinet. 
 
6.2.4 Experimental setup 
The schematic diagram of the experimental setup is shown in Figure 6.1.  
The commercially available stainless steel crossflow membrane unit (Sepa CF, 
Osmonics, Minnetonka, MN) is employed for the fouling experiments.  The Sepa 
CF test cell is rated for the maximum operating pressure of 6.89 MPa (1000 psi) 
and a maximum temperature of 177 °C.  The effective membrane area in the cell 




















A plunger pump delivers the feed water from the feed tank into the test 
cell unit.  The feed tank has a capacity of about 40 L and it contains a built-in 
chilling system.  The feed tank has a low pressure pump which circulates the feed 
water through the chilling system which allows the feed water to be maintained at 
the desired temperature.  This circulation system also mixes the feed water in the 
tank, allowing it to be homogenous throughout the fouling experiments.  By 
adjusting the bypass valve at the bypass inlet and back-pressure regulator at the 
concentrate channel outlet, the desired applied pressure and the crossflow 


























Figure 6.1. Schematic diagram of crossflow reverse osmosis experimental 
setup. 
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control valve at the feed channel inlet.  Flow meters are installed to measure the 
feed flow and concentrate flow rates.  In all the fouling experiments conducted, at 
different times during each experiment, the permeate is collected in a beaker for a 
period of 5 min using a stop-watch.  The permeate is weighed on a digital mass 
balance and the permeate flux can then be determined. 
 
6.2.5 Experimental preparation 
The new precut membranes are soaked in deionized water for at least 24 
hrs at room temperature before use.  It is essential that the new membranes are 
equilibrated before the fouling experiments.  This will ensure that the membranes 
are fully compacted and the permeate flux decline that occurs during the fouling 
process will not be due to the effect of membrane compaction. 
At the start of each fouling experiment when a new membrane is used, the 
correct amount of deionized water is weighed using the electronic mass balance 
before pouring into the feed tank.  The membrane equilibration process is carried 
out by first operating the system at 0 pressure and feed inflow rate of about 0.8 
L/min, or a crossflow velocity of about 10 cm/s.  This feed inflow rate is 
maintained throughout the equilibration process as well as the fouling 
experiment.  The pressure is then increased by 345 kPa (50 psi) every 30 min, 
until it reaches the required pressure, which is maintained throughout the entire 
fouling experiment.  The first 2 L of permeate is collected and wasted from the 
feed tank.  This is because the initial permeate collected will contain the chemical 
preservatives coated on the new membranes [29].   
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After at least 12 hrs from the start of the equilibration process when the 
permeate flux has stabilized, the stock salt solutions (NaCl and CaCl2) are poured 
into the feed tank to give the required electrolyte concentrations.  The permeate 
flux will register a drop due to the sudden increase in osmotic pressure.  The 
permeate flux is monitored and ensured to be constant before the fouling 
experiment starts.  The Total Dissolved Solid (TDS) content of the salt solution 
in the tank and the collected permeate is measured to check the salt rejection rate 
of the membrane (Conductivity Meter, LF538, WTW, Weilheim, Germany).  
This whole process will take a further 12 hrs right from the addition of the stock 
salt solutions. 
 
6.2.6 Fouling experiment procedure 
After about 24 hrs of equilibration process when the permeate flux has 
reached a constant value, the measured AHA stock solution is poured into the 
feed tank to achieve the required feed concentration and the fouling experiment is 
started at this point in time.  The permeate collected over 5 min is measured at 
different times to obtain the flux decline profile.  A sample of the feed solution is 
collected after 15 min from the start of the fouling experiment to measure the 
initial TOC content of the feed solution.  This is to allow adequate time needed 
for the complete mixing of the AHA in the feed tank.  The TDS of the feed 
solution and permeate collected are tested periodically to ensure that the salt 
rejection of the membrane is acceptable.  The permeate flux data is collected over 
about 22 hours before the fouling experiment is stopped.  A sample of the feed 
solution is collected at the end of each experiment and its TOC content is tested 
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to check that there is no significant drop in the TOC content of the feed water 
over the entire fouling process due to the deposition of humic acid on the 
membrane surface. 
 
6.3 Results and Discussions 
6.3.1 Determation of fouling potential of feed water 
This section describes three methods that can be employed to obtain the 
feed water fouling index k from the experimental permeate flux decline data.  
These methods are also applied in Chapter 5 to obtain the fouling potentials of 
the colloidal feed waters with respect to ultrafiltration systems.  For the organic 
feed waters which are tested with the RO test cell described in this chapter, it is 
possible to simulate the permeate flux decline behaviour by substituting the 
fouling index of the feed water into Eq. (5.3).  Comparisons are made between 
the experimental and simulated permeate flux decline trends. 
For the purpose of demonstrating the three methods of obtaining the 
fouling index of the feed water of a RO system, a fouling experiment is used in 
the discussion here.  A feed water with TOC content of 15.5 ppm and NaCl and 
CaCl2 concentrations of 7×10-3 M and 1×10-3 M respectively, resulting in an 
ionic strength of 0.01 M, is employed for this experiment.  The temperature of the 
feed water is maintained at 26.3-27.3 °C.  The applied pressure is 2.76 MPa (400 
psi) and crossflow velocity is about 10 cm/s.  For this particular piece of 
membrane used, even though it belongs to the low pressure membranes with 
typical operational pressure of 0.79 MPa (115 psi), it is strong enough to 
withstand the exceptionally high applied pressure with remarkable salt and TOC 
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rejection rates.  At this pressure, the clean compacted membrane resistance is 
8.96×1010 Pa.s/m and both the salt and TOC rejection rates are over 97 %.  
The permeate flux-time data is presented in Figure 6.2.  The first method 
to obtain the fouling potential value is to employ Eq. (4.12).  The membrane 
resistances at the start and end of the period of operation can be determined from 
the driving force and the respective permeate flux values.  The integral term can 
be estimated by summing the areas of the seven trapeziums and the total area, 
V4500, is given in the figure.  By substituting the values into Eq. (4.12), the fouling 
index is calculated to be 1.615×1012 Pa.s/m2. 
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The second method is to employ Eq. (4.16).  Referring to Figure 6.2, the 
gradient values between consecutive data points are calculated and plotted 
against the cubic of the interpolated midpoint permeate flux values between the 
Figure 6.2. Time-dependent permeate flux of feed water with TOC of 15.5 ppm. 
Experimental conditions employed are T = 26.3-27.3 °C, ∆P = 2.76 MPa (400 
psi), crossflow velocity = 10 cm/s. Clean compacted membrane resistance is 
8.96×1010 Pa.s/m. Concentrations of NaCl and CaCl2 are 7×10-3 M and 1×10-3 M 
respectively to obtain an ionic strength of 0.01 M. Area under the curve is 
estimated by the total area of seven trapeziums to obtain V4500 value. 
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respective data points.  The plot is shown in Figure 6.3.  It can be seen that the 
rate of permeate flux decline and the cubic of the permeate flux observe a linear 
relationship.  The best-fitting straight time is fitted through the points.  The 
equation of this relationship is presented in the same figure and the linear 
correlation coefficient (r) is 0.98292.  This well-fit demonstrates that the 
proposed theory of fouling kinetics described previously in Section 4.3 is 
applicable not only for colloidal foulant, but for organic foulant as well.  Taking 
the product of the gradient value of the fitted line and the driving force, the 
fouling index is found to be 2.16939×1012 Pa.s/m2.  Both the fouling index values 
derived from the two methods are substituted into Eq. (5.3) and the two simulated 


































The third method is to select a fouling index value such that the simulated 
permeate flux profile fits the experimental data in the best possible way.  The 
sum of the absolute differences between the experimental data values and their 
respective simulated data values is used as the indicator of the fit.  The plot of the 
sum of the absolute differences against their respective fouling index values 
employed is presented in Figure 6.4.  At the fouling index value of 1.90×1012 
Figure 6.3. Plot of rate of permeate flux decline dv/dt against cubic of 
permeate flux v3 with best-fitting line. Linear relationship is expressed in the 
form of the equation. 
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Pa.s/m2, the minimum possible sum of absolute differences is obtained and this 
indicates that this fouling index value will give the best-fit curve. 




























The experimental permeate flux data points together with the three 
simulated flux profiles are presented in the same graph in Figure 6.5.  It can be 
seen that the simulated permeate flux profile obtained from the first method using 
Eq. (4.12) tends to overestimate the permeate flux values across the entire range 
Figure 6.4. Plot of sum of absolute differences against fouling index 
values employed for simulation. Minimum sum of absolute differences 
occurs at fouling index value of 1.9×1012 Pa.s/m2. 
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of data.  This is due to the fact that taking the total area of the trapeziums in 
Figure 6.2 would be overestimating the integral value in Eq. (4.12), thus resulting 
a smaller fouling index value.  In contrast, the second method employing Eq. 
(4.16) tends to underestimate the permeate flux values towards the later stage of 
the experiment.  This is because the fouling index obtained from this method is 
largely dependent on the initial rates of flux decline at the earlier stage of the 
fouling experiment.  Referring to Fig. 6.3, it can be seen that the fitting of the 
straight line is controlled by the points furthest away from the origin, which 
represent the rates of flux decline at the initial stage of the experiment.  Thus, 
from Figure 6.5, it can be seen that the simulated profile matches the first four 
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Figure 6.5. Time-dependent permeate flux of feed water with TOC of 15.5 
ppm. Experimental conditions employed are T = 26.3-27.3 °C, ∆P = 2.76 MPa 
(400 psi), crossflow velocity = 10 cm/s. Clean compacted membrane 
resistance is 8.96×1010 Pa.s/m. Concentrations of NaCl and CaCl2 are 7×10-3
M and 1×10-3 M respectively to obtain an ionic strength of 0.01 M. The 
simulated curves employing the fouling index values obtained from the three 
methods are plotted together with the data points.   
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Obviously, since the simulated profile obtained from the third method 
results in the minimum sum of absolute differences, it should represent the 
experimental data most adequately.  This profile falls between the first two 
simulated curves.  This method will obtain the most suitable fouling index value 
of the feed water under test and this method will be employed to obtain the 
fouling index for the feed waters under test in the next section. 
 
6.3.2 Comparison of fouling index with different parameters 
In this section, the intention is to verify the proposed fouling index with 
more fouling experiments conducted with feed waters of different humic acid 
concentrations and different membrane resistances.   
A total of five fouling experiments are conducted using the same type of 
RO membranes.  The applied pressure for the fouling experiments is 0.97 MPa 
(140 psi) and crossflow velocity is about 10 cm/s.  The humic acid concentrations 
in the feed waters for the five experiments are varied according to their TOC 
content, while the electrolyte concentrations of NaCl and CaCl2 are 7×10-3 M and 
1×10-3 M respectively to maintain an ionic strength of 0.01 M for all the 
experiments.  In all the five experiments, the feed solution is maintained at a 
temperature of 22.5-23.5 °C.  It is found that even though the four different 
pieces of membranes used for the experiments are from the same purchase batch, 
the membrane resistances and salt rejection rates vary quite considerably, while 
the TOC rejection rates are consistently about 99 %.  Table 6.1 summarizes the 
TOC content of the feed waters, the corresponding compacted membrane 
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resistances for the five fouling experiments and their salt rejection rates before 
the humic acid is added into the feed tank.   
 









humic acid) (%) 
1 1 2.95 18.4 94.1 
2 2 2.43 24.1 95.4 
3 3 2.19 28.1 95.3 
4 3* 3.01 32.7 92.5 
5 4 4.72 36.8 90.5 
* indicates cleaned and reused membrane. The rest are new, unused membranes. 
 
It is noted that Membrane 3 is used for two of the fouling experiments.  It 
is first employed in Experiment 3.  After use, the feed tank is drained of the feed 
water and cleaned and flushed with deionized water.  The tank is then filled with 
EDTA solution of 1×10-3 M concentration.  The membrane is cleaned under 0 
pressure and high crossflow velocity of about 20 cm/s for 3 hours.  73.3 % of the 
initial clean membrane permeate flux is recovered and the cleaned membrane is 
then reused for Experiment 4.  All the other fouling experiments employ clean, 
unused membranes. 
The permeate flux decline data for the five fouling experiments and the 
simulated curves are presented in Figures 6.6-6.10.  As a standard, only the data 
within the first 20 % decline of the initial flux for each experiment is presented in 
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the graphs.  The fouling index values are obtained from the third method 
discussed previously and presented with the corresponding feed water TOC 
contents in Table 6.2.   




























Figure 6.6. Time-dependent permeate flux of feed water with TOC of 
18.4 ppm. Experimental conditions employed are T = 22.5-23.5 °C, ∆P = 
0.97 MPa (140 psi), crossflow velocity = 10 cm/s. Concentrations of 
NaCl and CaCl2 are 7×10-3 M and 1×10-3 M respectively to obtain an 
ionic strength of 0.01 M. 
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Figure 6.7. Time-dependent permeate flux of feed water with TOC of 24.1 
ppm. Experimental conditions employed are T = 22.5-23.5 °C, ∆P = 0.97 
MPa (140 psi), crossflow velocity = 10 cm/s. Concentrations of NaCl and 
CaCl2 are 7×10-3 M and 1×10-3 M respectively to obtain an ionic strength 
of 0.01 M. 
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Figure 6.8. Time-dependent permeate flux of feed water with TOC of 28.1 
ppm. Experimental conditions employed are T = 22.5-23.5 °C, ∆P = 0.97 
MPa (140 psi), crossflow velocity = 10 cm/s. Concentrations of NaCl and
CaCl2 are 7×10-3 M and 1×10-3 M respectively to obtain an ionic strength of 
0.01 M. 
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Figure 6.9. Time-dependent permeate flux of feed water with TOC of 
32.7 ppm. Experimental conditions employed are T = 22.5-23.5 °C, ∆P = 
0.97 MPa (140 psi), crossflow velocity = 10 cm/s. Concentrations of 
NaCl and CaCl2 are 7×10-3 M and 1×10-3 M respectively to obtain an 
ionic strength of 0.01 M. 
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Figure 6.10. Time-dependent permeate flux of feed water with TOC of 
36.8 ppm. Experimental conditions employed are T = 22.5-23.5 °C, ∆P = 
0.97 MPa (140 psi), crossflow velocity = 10 cm/s. Concentrations of 
NaCl and CaCl2 are 7×10-3 M and 1×10-3 M respectively to obtain an 
ionic strength of 0.01 M. 
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1 18.4 4.95 
2 24.1 4.10 
3 28.1 4.30 
4 32.7 5.30 
5 36.8 9.70 
 
As seen in Figures 6.6-6.10, the permeate flux decline for the five 
experiments is observed to be extensively more gradual in comparison to the 
experiment shown previously in Figure 6.2.  This is because the applied pressure 
for the five experiments is much lower and their compacted membrane 
resistances are higher as well.  These contribute to lower permeate flux compared 
to the experiment presented in Figure 6.2, thus leading to a slower fouling rate.  
This verifies that the rate of organic fouling is significantly dependent on 
hydrodynamic conditions such as the permeate flow rate, which is the key 
essence of the proposed fouling index.   
Figure 6.11 shows the plot of the fouling index values of the organic feed 
waters against their TOC contents.  A general trend can be seen that as the TOC 
content increases, the fouling index of the feed water increases as well.  
However, the relationship between the TOC content and fouling index is not 
linear.  This could be due to two possible reasons.  
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The first possible reason is that the pH of the feed waters under test are 
not the same.  The pH influences the charge of the humic acid macromolecules 
and the membrane surface.  Also, the pH is one of the factors that determine the 
shape of the humic acid macromolecules (either linear or coiled), and this in turn, 
affects the specific resistance of the cake layer which influences the fouling index 
value. 
The second possible reason is that the adsorbance of the humic acid onto 
the cake layer might not be complete.  Humic acid is known to have good 
Figure 6.11. Plot of fouling index values against TOC contents of feed waters. 
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adsorbance onto the membrane surface, but not much is known about the 
adsorbance on the organic cake layer.  If there is no consistent cake layer build-
up as permeate passes through, then the fouling index might not be linearly 
related to the concentration of the TOC in the feed water. 
Due to the many chemical properties of the feed water that affect the 
adsorbance and physical shape of the humic acid macromolecules, it is difficult to 
identify the actual reason of the non-linearity.  Also, it is not the intention of this 




This chapter presents the procedures for the preparation and fouling 
experiment conducted on the laboratory-scale RO test cell to obtain the fouling 
index of the feed water under test.  It is vital to employ the RO membrane in this 
test so that it can trap all the potential matter which can foul a RO system in order 
to characterize the feed water fouling potential completely. 
Three possible methods to obtain the fouling index from the experimental 
data have been discussed.  The first method which employs Eq. (4.12) tends to 
overestimate the permeate flux over the operational period.  This is due to the fact 
that the estimated volume of permeate passing through the membrane is more 
than actual, hence producing a smaller fouling index.  The second method which 
uses Eq. (4.16) tends to underestimate the permeate flux values towards the later 
part of the experiment.  This is because the fouling index obtained from this 
method is significantly influenced by the rate of permeate flux decline at the 
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earlier stage of the experiment.  Thus, the simulated curve tends to describe the 
original flux decline well, but deviates from the experimental data in the later 
stage.  The third method obtains the fouling index by minimizing the sum of 
absolute differences between the simulated and experimental permeate flux 
values, thus producing the most appropriate fouling index that quantifies the 
fouling potential most accurately.  Fouling experiments are conducted on 
different organic feed water and it is found that the fouling index increases 
generally as the foulant concentration increases. 
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Chapter 7. Conclusions 
 
7.1 Overview 
Membrane technology is one of the important means to generate 
alternative sources of portable water, and is widely employed in desalination and 
water treatment processes.  Its fast-growing popularity is due to the main 
advantages on cost, operation, maintenance and water quality.  However, a key 
problem in membrane processes is the occurrence of fouling, resulting in a 
decline in the water production or an increase in the applied pressure for the same 
rate of water production, and eventually deterioration of the product water quality 
and the membrane quality.  Cleaning and change of membrane elements are 
required, and these are disruptive to the water treatment processes.  Thus, this 
leads to the great need for an understanding of fouling development in full-scale 
reverse osmosis treatment plants in order to optimize their performance over a 
reasonable period of operational time. 
Currently, pilot-scale tests are conducted as a means to determine the 
optimum operational parameters to be used for a full-scale RO membrane system.  
This is critical information needed in a full-scale RO treatment plant design 
process.  Although the pilot-scale test can generate reliable information, it is 
time-consuming and requires much resource.   
It is also of great interest to know the fouling tendency of the feed water 
to be treated.  Knowledge of the fouling potential of the feed water will assist in 
both the plant design as well as the plant operation, as it enables a better fouling 
control in the system.  Currently, the fouling indices and normalization methods 
Chapter 7. Conclusions 
 114
employed to characterize the fouling potentials of the feed waters are found either 
to be inadequate or inappropriate.  
In this study, a model is built to simulate the fouling development in the 
full-scale RO process.  A new normalization method is also theoretically 
developed based on the basic membrane transfer principles to characterize the 
fouling potential of feed water.  When the normalization method is conducted on 
the feed water with a laboratory-scale RO setup, it becomes a fouling index 
which can adequately characterize and numerically quantify the fouling potential 
of the feed water.  This fouling index of the feed water provides the final link in 
plant design as it can be employed in the model to obtain the optimum 
performance over the desired period of operational time.  With this model, pilot-
scale tests can be avoided and much time and resource can be saved.  
 
7.2 Conclusions 
The computational model is able to simulate the fouling development in 
the full-scale RO process.  It enables a visualization of the change in the flow 
properties along the channel length as well as time.  More significantly, it 
demonstrates that the average permeate flux remains constant over a period of 
operational time before a flux decline is observed.  This phenomenon is due to 
the distribution of the permeate flux profile along the channel with time as 
fouling occurs.  The effects of fouling on the change in the flow properties, such 
as the crossflow velocity and salt concentration, along the channel are 
investigated.  Also, the effects of operational parameters, like the channel length 
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and clean membrane resistance, on the performance of the system are also 
studied. 
A review of the common normalization methods employed to compare 
the fouling potentials of feed waters is presented.  It is demonstrated with basic 
membrane theories that the normalization methods do not serve their purpose in 
removing the effects of different operational parameters, such as the applied 
pressure and intrinsic membrane resistance.  A new normalization method is 
presented and derived theoretically in this study.  This normalization method is 
based on the basic principle that the rate of membrane fouling, indicated by the 
increase in resistance, is dependent on two factors: the permeate flux and the 
fouling potential of the feed water. 
The proposed normalization method is verified by conducting 
ultrafiltration fouling experiments on colloidal feed waters.  This normalization 
method is able to remove the effects of the operational parameters on the fouling 
rate.  It is found that the fouling potential obtained through the normalization 
method is directly proportional to the colloid concentration.  This is ideal as it 
gives a meaningful comparison of the concentration of colloids in the feed 
waters.  Also, for the smaller colloids, it is found that the fouling potential is 
independent of the operational pressure within the pressure range employed in the 
experiments.  However, for the larger colloids, the fouling potential increases at 
the higher pressures.  One possible reason could be due to the more significant 
compression of the cake layer of the larger colloids at higher pressures. 
When the proposed normalization method is performed on a laboratory-
scale reverse osmosis setup, it becomes a new fouling index which can 
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adequately characterize the fouling potential of feed water for RO systems.  A 
protocol is developed to derive the fouling index experimentally.  RO fouling 
experiments are conducted on organic feed waters according to the protocol.  It is 
found that the fouling index generally increases with the concentration of the 
organic foulant.  However, they are not found to have a linear relationship.  This 
could be due to different chemical properties of the feed waters being employed 
as the characteristic of the humic acid macromolecules and the membrane surface 
is very much dependent on the chemical properties.  This in turn will influence 
the rate of fouling and thus, the fouling index.  However, it is not the objective of 
this study to investigate the effects of the chemical properties on the fouling 
index.  Also, it is possible that the organic foulant does not attach onto the cake 
layer as well as it does on the membrane surface.  Thus, there might not be a 
consistent cake layer growth with time. 
 
7.3 Future Work 
Here are some recommendations for future work: 
1. The model can be verified experimentally by conducting the fouling 
experiment on the full-scale RO system in the laboratory.  The fouling 
index of the feed water can be obtained as described in Chapter 6.  The 
operational parameters and feed water fouling index are inputted into the 
model to obtain the time period whereby the average permeate flux 
remains constant.  Fouling experiment is conducted under the same 
operational parameters to verify this time period of constant average 
permeate flux. 
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2. An investigation of the fouling index of colloidal feed water can be done 
by employing the protocol as described in Chapter 6. 
3. A thorough study of the effects of feed water chemical properties on the 
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